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SYNOPSIS
The thesis describes a theoretical and experimental investiga­
tion into the transfer lubrication technique as a means of 
eliminating stick slip vibratory motion.
The experimental apparatus consisted of a replaceable disc 
fastened to a rotor supported in air journal bearings. The 
disc was driven rotationally via an elastic member and radially 
loaded by two diametrically opposed pistons pneumatically 
pressed against the disc circumference. A metal piston pressed 
against the metal disc induced the stick slip motion whilst 
the other piston consisted of a dry lubricant compact providing 
for the transfer of solid lubricant to the metal junction. 
Instrumentation was incorporated in order to measure appropriate 
stick slip properties and the major parameters of the system 
were varied.
Unlubricated stick slip experimental results have been compared 
with analyses based upon upper and lower bound linearised 
dynamic friction models. Corresponding theoretical stability 
relationships have been developed for transfer lubricated con­
ditions and experimental comparison also made. In addition 
detailed circumstances, whereby stick slip motion is successfully 
eliminated by transfer lubrication have been defined including 
limiting load ratio and oil contamination conditions.
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'CHAPTER 1 : INTRODUCTION
1.1 Stick Slip Motion and Transfer Lubrication 
Stick-Slip vibratory motion is a phenomenon occuring between 
slow moving bodies in dry frictional contact when one of the 
bodies is driven through an elastic member, and can be present 
in the rotational or translational situation, as shown in 
figures 1.1 and 1.2.
Self generated vibrations are brought about in such systems by 
the variation of friction force between the contacting bodies, 
the friction force depending upon the relative velocity of the 
bodies. When the frictional contact is between stationary 
bodies there exists a resistance to motion due to friction 
which we shall call "static friction” . If a force, and hence 
motion, is applied to the free end of the driving elastic 
member, the member compresses and stores energy continuously 
until sufficient force is available to overcome the static 
friction force, at which point the driven body is caused to 
move. As this motion proceeds the frictional resisting force 
in the static situation ("static friction") falls to a lower 
level of frictional resistance ("kinetic friction") in the 
moving situation. This drop in friction force effectively 
increases the energy available from the compressed elastic 
member and induces an acceleration in the moving body, thus 
causing it to move forward sharply, and the elastic member to 
lose some of its stored energy. Acceleration of the driven 
body continues until the decreasing force available from the
elastic member falls below the resisting kinetic friction 
force level so causing, a deceleration of the body until the 
point where motion ceases ("stick"). When the driven body 
comes to rest the friction force is once again that due to static 
friction. The process is repeated and continuous self-generated 
vibrations occur. Since most drives in general engineering are 
transmitted via elastic members (e.g. leadscrews, hydraulic oil, 
etc.) then the vibratory motion of stick-slip can be seen to be 
a phenomenon which can produce difficulties in situations 
where accurate motion or positional control is required. In 
addition to the well-known undesirable existence of stick slip 
vibrations in machine tool tables and drives (1), other 
observations of the phenomenon in practice are common. Catling 
has described the torsional vibration problems associated with 
stick slip motion between threads and textile drafting rollers 
(2). It has also been observed between steel wires and dip 
rollers in the galvanising process (3) and Thompson (4) has 
recorded its presence in hydrostatic extrusion devices.
Dry lubricant materials have been used as load carrying 
members hitherto for their low friction and anti-stick-slip 
properties. A recent development, however in the lubrication of 
friction junctions rigidly driven relative to each other has been 
lubrication by transferred films of solid lubricant. The solid 
lubricant is located away from the friction junction and pressed 
on to'the moving member of that junction. Wear of the lubricant 
causes transfer to the friction junction and consequent 
beneficial modification of the friction characteristics.
1.2 Review of Previous Work
1.2.1 'Stick-Slip Motion
The basic cause of stick slip as the fluctuation in friction 
force at low relative sliding speeds was first observed by 
Thomas (5) in experiments on friction forces at low velocities 
of sliding.
Bowden and Leben (6) also conducted experiments on friction 
force fluctuation at low sliding speeds, paying particular 
attention to the variation in static friction force due to 
normal load and friction junction material variations.
Further experimental information was provided by Morgan et al 
(7) who measured kinetic friction force against sliding 
velocity. The method of measurement appeared to be rather 
unsophisticated, involving conversion of slip displacements to 
slip velocities by the taking of gradients. The results 
demonstrated a drop from static to kinetic friction force for 
all materials tested, with a long transition period for steel 
on steel.
The time dependent nature of static friction force has figured 
largely in experimental and theoretical work to date;
Rabinowicz (8) and Kragelski (9) have shown experimentally that 
the static friction force is dependant upon the time of metallic 
contact. Rabinowicz demonstrated a reduction in stick slip 
amplitudes with increase in drive speed as a consequence of lack 
junction growth i.e. reduction of time of metallic contact and
hence static friction force.
An analysis of stick slip motion was performed by Blok (10) in
which the dynamic friction model was one of a constant kinetic
friction force during slip following, an instantaneous drop from
a constant static level. By considering an additional viscous
damping element in the system he determined a limiting condition
for the persistence of stick-slip after which smooth sliding of
the driven member occurred. Derjaguin et al (11) developed
this approach further, to the extent of demonstrating the
dependence of this stability condition on two dimensionless
* /k—groups - viscous damping coefficient and — — -y - y . Ins kaddition they also attempted to consider the variations in 
friction force due to junction growth. A further dynamic 
friction model involving an instantaneous drop in static 
friction force followed by a negative damping relationship 
continuous for the slip period,was also considered but cannot 
be considered practically realistic. No experimental 
evidence was presented.
Brockley et al (12) investigated theoretically the existence of 
a critical velocity to bring about stability, for a time 
dependent parameter situation including viscous damping*using 
the Blok dynamic friction model. Reasonable confirmation with 
experimental results was achieved although some scatter is 
evident and the number of results taken were quite small. 
Banerjee (13) proposed a purely kinetic friction concept, mod­
elling the dynamic friction characteristic with a continuous 2nd
order polynomial based on steady state experimental results.
His analysis showed the existence of a critical drive velocity 
and demonstrated the way in which the velocity of sliding 
returned to the impressed velocity under such conditions. No 
experimental confirmation of the analysis was included however.
By careful measurement of stick slip amplitude and comparison 
with predictions from a non-linear analysis Symmons (14) showed 
the drop from static to kinetic friction force during slip to 
be proportional to the(slip velocity)^’  ^ for a steel on steel 
junction. Bell and Burdekin (15) have produced a theoretical 
analysis by considering two linearised dynamic friction models* 
both based on a negative viscous damping concept for the 
accelerating part of the slip. A negative damping gradient is
Ts - Tkdefined as (-------- ) and a negative damping coefficient as
(T - T,) 0max-----------. The first analysis considered the negative damping0max 2/KJeffect to be continuous throughout slip; whilst the second, 
a discontinuous model, considered a constant value of kinetic 
friction force to be present for the decelerating part of the 
slip period. For both models, relationships between maximum 
slip velocity and negative damping coefficient and stick-slip 
frequency were developed. Comparisons with experimental results 
for a cast machine tool table were given. The stick slip fre­
quency graph failed to provide an adequate comparison between 
theory and experimental results however, since it represented 
the time interval between the commencement of successive vibra­
tions'. A large proportion of this time period must be made up of 
1 stick time1 and therefore it is difficult to assess the merit 
of the analysis from this method of presentation. For the 
former graph (maximum slip velocities) for values of negative
damping coefficient up to about 0.5, there was close agreement 
between theory and experimental results. Experimental results 
showing dynamic gradient as a function of impressed velocity 
were negative for all natural frequencies examined (metal to 
metal sliding). By the introduction of polar lubricant the 
friction dynamic gradient was modified and became zero at very 
low velocities. This point of zero gradient was suggested by 
Burdekin and Bell as being the condition at which stability would 
occur in any system. Further analysis by the author of the 
negative damping friction characteristic (see section 2.3) by 
the inclusion of a positive damping term into the system will 
show that stability can in fact be induced when the friction 
dynamic gradient is still negative. Earlier work by Burdekin 
and Bell (16) had shown the presence of a dynamic friction 
characteristic with positive gradient at low sliding velocities 
for cast iron surfaces lubricated by polar lubricants; a 
system in which stick-slip vibration was not observed.
1.2.2 Transfer Lubrication Techniques
Recently Hemingray, Cowley and Burdekin (17, 18) have discussed 
the use of plastics as part of a slideway joint to eliminate 
vibrations due to stick slip and also reduce the friction forces. 
When used in this manner however several undesirable features can 
be produced. These include low wear resistance, as indicated 
in results obtained by Lapidus (19) and consequent high frequency 
of overhauls and dimensional instability. Filling of the plastics 
can increase the strength and reduce the wear rates but problems 
of separation can arise due to differential coefficients of 
thermal expansion.
The use of plastics as a lubricating medium by transferred 
films of solid lubricants avoids some of these problems.
Devine, Lamson and Bowen (20) quote many examples of the trans­
fer lubrication technique being used in rigidly driven 
situations with success. The dry lubricant is introduced between 
two mating surfaces under load, usually by pressure contact with 
one of the surfaces. Using a lubricant composed of molybdenum 
disulphide, graphite and sodium silicate located in reservoir 
pockets of a rolling element bearing the above authors 
demonstrated an extension of life over unlubricated running of 
up to 20 times. This transfer lubrication technique is 
relatively simple to use and avoids the costly surface prep­
aration and treatment hitherto found necessary for dry film 
lubrication as indicated by A C Wood (21). Similarly the 
strength requirement for a bearing material acting as a load 
carrying member is not necessary, since a relatively weak material 
can wear at a sufficient rate to maintain replenishment of the 
lubricant. J K Lancaster (22, 25, 24) has provided extensive 
information on lubrication by transferred films of solid 
lubricants, experiments being conducted mostly on a pin and 
disc, rigidly driven apparatus with the load applied vertically 
through the pin. Transfer took place from a lubricant compact 
located diametrically opposite the friction interface and 
provided for continuous replenishment of the lubricant at 
friction junction. Using predominantly graphite, p.t.f.e. 
and molybdenum disulphide he demonstrated the validity of the 
lubrication by examining the surfaces, declaring the lubricant
to have failed when scuffing of the surfaces occurred. Maximum 
scuffing loads were found, indicating molybdenum disulphide, 
p.t.f.e. and graphite, in that order, as supporting the highest 
loads. The speed of sliding of the junction was 60 cm/s and 
surface finish 30yin (0.75]im) C.L.A. for steel on steel. With 
the same speed, surface finish and material, evidence was also 
produced to show that although continuous replenishment of the 
lubricant extends the life of the bearing surface it is still a 
finite rather than infinite process.
Using this technique in a stick slip situation involves the 
action of two dynamic friction characteristics on the driven 
member, that of the metal to metal interface and that of the 
transfer lubricant to metal interface. The metal to metal inter­
face characteristic is modified by the lubricant transferred to 
the junction until a coherent film of lubricant is formed and 
the lubricant to metal characteristic governs the motion of 
the driven member. For a suitable lubricant this will cause 
the elimination of stick slip. However any positive viscous 
damping effect from the dynamic characteristic of the transfer 
lubricant itself acting upon the driven member can assist in 
eliminating the stick slip under minimal lubricant film 
conditions at the friction junction. Dynamic friction 
characteristics of the dry lubricants to be used in the ex­
perimental programme are not available, but steady state 
measurements by Hemingray (17) and Lewis (25) showed an 
increase in friction force for increasing sliding velocity 
for p.t.f.e. and graphite rubbing on steel. This encourages the 
author to propose a dynamic friction model for the transfer
lubricants based upon a constant Coulomb resistance together 
with a positive viscous damping resistance. Thus it seems 
possible that transfer lubrication of solid lubricant films 
can provide a simple solution to the problems of stick-slip 
vibratory motion and present itself as a viable alternative 
to the use of plastics as a structural material such as 
happens in slideways.
1.3 Objectives of Investigation
From the foregoing it was proposed to examine expefimentally 
the circumstances in which transfer lubrication could be 
successful in eliminating stick slip vibrations and 
theoretically explain the method of elimination in terms of 
stability relationships brought about by the dynamic viscous 
damping action of the dry lubricant. This necessitated 
comparison of the upper and lower bound linearised dynamic 
friction model theories under unlubricated conditions, measure­
ment of the dynamic viscous action of the dry lubricant under 
transfer lubricated conditions and comparison of experimental 
transfer lubricated results with theoretical stability relation­
ships developed using the above stick slip dynamic friction 
models.
Fig 1.1 Rotational Stick Slip Configuration
0
normal load
friction
force
normal*
load
Fig 1.2 Translational Stick Slip Configuration
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CHAPTER '2' THEORETICAL ANALYSES
2.1 Introduction
Two linearised dynamic friction models are used in sections
2.2 and 2.3 in providing an analysis of stick-slip motion in
a rotating system. The constant static, instantaneous constant 
kinetic friction torque model shown in fig. 2.1 was first 
suggested by Blok. Utilising this model, the analysis of 
section 2.2 examines various stick-slip properties in terms
• — i-i fy tof the aimensionless parameter ^ stability
relationship is also determined for the system subjected to 
viscous damping which demonstrates that value of viscous damping 
which will eliminate vibrations for any particular value of 
the dimensionless parameter.
The second dynamic friction model considered is shown in fig.
2.2 where the drop from a static friction torque to a kinetic 
friction torque is linear for the acceleration period and 
the kinetic friction torque is considered constant for the 
deceleration period. This model will be called a negative ’ 
damping model. Stick-slip properties are again determined and a 
stability condition demonstrated, depending upon applied viscous 
damping. As previously mentioned Symmons demonstrated the
drop from static friction force to friction force at maximum 
slip velocity to be proportional to (slip velocity)^*
However the method he used, of comparing measured amplitudes 
to theoretical amplitudes based on non-linear analysis, indicated 
stick slip amplitude to be insensitive to variations in the 
shape of the dynamic friction model. Confirmation of this was
provided by Cockerham and Cole C26), in an analogue simulation 
of unlubricated stick slip for a selection of non-linear friction 
characteristics. They showed amplitude of vibrations to be 
almost directly proportional to (Ts - T^) for a variety of 
friction characteristics. Amplitude of vibrations is therefore 
considered an unsuitable basis for comparison of the accuracy of. 
the above linearised model theories and will not be used 
extensively for comparison purposes.
Stability conditions for both theories rely upon the incorporation 
of a viscous damping element into the system and measurements 
by previous workers suggest dry lubricants exhibit such damping 
properties. It is therefore necessary in the experimental 
programme to determine a value of viscous damping for each 
lubricant. A dynamic friction model for the dry lubricant consis­
ting of coulomb plus linear viscous damping is suggested and an 
expression is developed in section 2.5 from which the components 
of dry lubricant friction can be evaluated. This is achieved 
from an amplitude response curve obtained by applying an initial 
displacement to a mass-spring system subjected to dry lubricant 
damping.
2,2 Stick-Slip Analysis for Blok Dynamic Friction Model 
Consider the friction force velocity characteristic as shown 
in Fig. 2.1 with a constant static value of friction torque Tg 
instantaneously falling to a constant kinetic friction torque 
value T^. Considering the forces acting on the disc as shown 
in Fig. 1.1, the equation of motion is given by:
J 8 + cS + K0. = K$ - the direction of depends
upon the direction of 
velocity 6
•* C* K TC Tr0 + j 0 + j 0 = j4> - (±-~)
Solving for 0
0 = <f) - hK
-ct
_2 J (A cos wt + B sin wt)
Boundary conditions
At t 5 0, 0 = 0 ,  0 = 0  and (j> = Tg/^ 
Resulting in the following values for A and B
A = x (Ts - t k  -
-C ,m m ,r^ _ $B = tf(T.q “ T k - C<j>)2JKWV S W
Giving the complete solution as follows:-
Q , Tk c| - Tk - c|) ____ _  . , c^ ■ K “ K  ^ K cos wt • (2JKW
4.
,CTS " TK " + W )
sin wt) ............. (1)
the difference between the drive and driven displacement 
is given by
Q _ Tk  ^c|  ^„2jfCTs - Tk - cl) 
^ !T k (------ K--------- cos wt + C7 3 K  CTS - TK - Cl) + i)
sin wt) ............. (2)
In order to determine the value of (p - 0 it is necessary to 
find the value of wt for the occurrence of stick-slip.
Stide-sl ip per jod
Stick will re-occur when 5 = 0 .
From equation (1) therefore, differentiating and letting 
c/2J = p
0 = $ + (-ye’"*ic (A cos wt + B sin wt) + w e ’* ^
(-A sin wt + B cos wt)
where A = ^ ( T g  - TR - C|) B = ^ ( T g - TR - C|) - §
§ = | - e”yt cos wt (yA - wB) - e -yt sin wt (uB + wA)
6 = 1 -  e-yt (cos wt (-j± (Ts - Tk - c | )  + j± (Tg -  TK - c | )
+ |) + sin wt (Tg - TK - C|) - $  -  |  (Tg - Tk - c|)))
letting l/i|) =  —  and C 2 =
i m  Wi
 wt  wt
A = c 7 r  _  _ „ /K C 7 5' . . .  rCz0 = $- (1 - e cos wt - e sin wt (-A-C'P'
-     ( 3)
equating 0 to zero gives
~ ° 2 * -wt—  - i 1
1 - e 1“^ 22 cos wt: = sin wt: ( % — —  - ■ i)
e
r  /1-C2* /1-C22 r—   wt 1
1/I-C22 ................. (4)
Solving for wti and if/ for selected values of C 2 gives the graph 
of fig. 2.3. Using these values of w t x in equation (2) gives 
the relative displacement of driver to driven ($-0), for any 
situation.
The values of wti are converted to non-dimensional form as
follows
slip frequency, Wg 2tt _ 2ttw _ 2ttwi/1 - c 2 2t i  w t x wti
W S _ 2Tr/l-c2 2 (see fig. 2.4)Wi Wti
It can be seen from figs. 2.3 and 2.4 that each curve tends 
towards a maximum i.e. a point where the condition for stick- 
slip is no longer valid, from which a condition for stability 
(i.e. no stick slip vibrations) can be determined.
From equation (4-)
which for discrete values of c2 gives the value of wti 
corresponding to 4>max and hence the stability condition
1 - e"^wtbos wt, = sin wt, Fe - Fwti G ’ 4*
where F = ?/l-c22
Re-arranging for ip gives
. _ G sin wt, ___________________ __
-1 + cos wt, + sin wt, Fe~^wt
(-G sin wtj Fe”^wt| + G cos wt, e"^wt|)
- (G sin wt, e ^wt|) sin wt, - Fe”^ ^  cos wt
F2sin wt, e"’^ wt| + F cos wt, e~^wt*)
Equating to zero and re-arranging gives
•e + sin wt, (F-l) (1 + e cos wtD = 0
indicated in fig. 2.5,
Acceleration time period 
From equation (3)
0 = (1 - e”^w ^ cos wt - e sin wt (F - ^))<J (5)
The maximum velocity occurs when = 0
i.e. 0 = w e ’^wtsin wt + Fwe“^wtcos wt - (F - 
(we”^wtcos wt - Fwe”^wtsin wt)
Re-arranging gives
i/T—Ctan w t 2 = -Q-- where t2 represents the acceleration
time period
This relationship is shown in. fig. 2.6 with wt2 converted to
Wit2 .
Maximum slip velocity
Utilising information from fig. 2.6 in equation (5) gives 
maximum .slip velocity as a function of drive velocity -
0max , -Fwt2 . -Fwt2 . . rT7 G>.— —  = 1 - e cos w t 2 - e ^ s m  w t 2 (F - -j-)
4>
which is shown in fig. 2.7 for selected values of c 2 .
2.3 Stick Slip Analysis for Negative Damping Dynamic Friction 
Model
Since the.friction-velocity characteristic is discontinuous 
(see fig. 2.2) the motion must be considered in two parts - 
acceleration and deceleration.
Consider the acceleration phase of the friction characteristic 
shown in fig. 2.2 .
Tc - T kWhere Cp = —   , negative friction damping; C = positive0maxapplied viscous damping.
For the rotational system of fig. 1.1 the equation of motion is 
given by:
J0 + (C - Cp) 0 + K0 = K<j> “ C±Tg) (sign according to 0) 
Solving for 0 gives
-(C - Cp) tTg (C - Cp)• 2J  ^ ^© = ( ( , - _ -  ----_----J + e (D cos w 2t + E s m  w 2t)
Boundary conditions
at t = 0 , 0 = 0 , 0 = 0  and 0 =
(C “ Cp).resulting m  D = ----^----4>
E = i-  C(c ~ cp)2 - iib w 2 1 2JK
-CTTc 2Ct* vT^C 2 w 2 t J 2Ct2 “0 = (j, -   + e T ^  (2Ct c o s w 2t + (--1 --I-^ -T ;
sin w 2t) .................  (6)
wkerc Or .)
Acceleration time period
-Cp w 2t
0 = ^  { - ^e 1^1 ^T (cos w 2t + /ilc' 2 s^n w 2t) ............ (7)
-CT w 2t “ T"
e = iel/1'C'Tr siri w 2t CyYlc -?)
• •Equating 0 to zero gives the value of w 2t for maximum slip 
velocity i.e. 0 = sin w 2t2
w 2t2 = 0, tr etc.
The value of w 2t2 is converted to W i t 2 and shown in fig. 2.8. 
Substituting w 2t = tt in equation (7) gives the maximum slip 
velocity -
The ratio of maximum slip velocity to drive velocity is shown 
in fig. 2.9 as a function of Ci, for various values of C2 .
Deceleration period
The equation of motion for the deceleration phase contains a 
constant kinetic friction force T^ and a positive applied 
viscous damping term C (see fig. 2.2).
J0 + C6 + K0 = Kq> (±Tk)
Solving for 0 gives
0max = J(1 + T *  )
“ C'p
(8)
Boundary conditions:-
at t = 0, 0 = 0max = <|>(1 + e i ), 0 = 0
Resulting in
-Ct tt "CT
A1 = B1W] r
(1-2C22) ./1-Ct 2 
wi/l-Ca2
0 = <f> + e P(cos wt + t  S*n w t )
Stick will re-occur when 0 = 0
—C 2 w t 3 ~LT ^
_1 = e>/l"C22  ^e-/l-CT 2 ^ £cos wt3 + -2- sin w t 3) (10)
is the condition for stick slip to occur.
This enables a plot of Cj against w t 3 to be made for a
selection of values of C2 (since Ci - C2 - C^) where
t 3 = deceleration period, (see fig. 2.10). The values of
w t 3 are converted to W i t 3 by dividing by /I - C 2 2 .
Frequency of stick slip vibrations
Total slip time period is the sum of acceleration and 
deceleration time periods
Wjti = Wit2 + W i t 3 
Hence slip frequency
2 7r . "W cw_ = i.e. s - Z7r •S ti Wi Witi
The ratio of slip frequency to natural frequency is shown in 
fig. 2.11 plotted against Cj. - negative damping friction 
coefficient, for selected values of C 2 - applied viscous damping 
coefficient.
Limiting conditions for stability
From fig. 2.10 it can be seen that the curves tend to a minimum,
giving rise to a situation where stick does not re-occur,
i.e. stability is achieved. Differentiating equation (10)
with respect to w t 3 where C2 is a constant gives the following:
"Ct  — C 2 w t 3
0 = -eA -CT 2 (cos wt, + sin wt,) C f - ^ e 71^ 2
+ e »/1_C22 ^ / l - C y 2 (-sin w t 3 + —2-cos w t 3)
+ (cos w t 3 + Sin w t , ) ^ T _  3f
vM
From which
dCT C o 2
cRTtl = 0 = sin w t 3 > gives wt3 = 11
Substituting w t 3 = tt into equation (10) gives 
-C2 TT • 'CT It"7T3p-2 7*1 ^  £-1 = -e 2 .e 1 as the stability condition.
Since is negative this condition is satisfied when 
C 2 = -Crj, which is shown in fig. 2.12 as Ci = 2C2 .
2.4 Comparisons between the two dynamic friction model theories
2.4.1 Comparison of relative displacements and slip velocities 
Theoretical relative displacements and relative slip velocities 
are presented in figs. 2.13 and 2.14 as an indication of the 
variation of stick slip properties with dynamic friction model, 
together with the effect of viscous damping on the system. The 
assumed system parameters for the calculations are as follows; 
spring stiffness K = 5.5Nm/rad, system inertia J = 3.5 x 10~3Kgm 
static.friction torque Tg = 0.25Nm, drive velocity J = 0.1 rad/s
For the negative damping coefficient friction model a value of
0.4 for Ci is assumed giving the relative displacement and 
slip velocity distributions shown in fig. 2.13. Progressive 
inclusion of a positive viscous damping coefficient C2 reduces 
the maximum slip velocity and re-stick relative displacement 
and increases the slip time period. When the value of C 2 
reaches the critical value of half the negative damping 
coefficient Ci then the slip velocity becomes continuous and 
decays to the drive speed and the relative displacement also 
becomes continuous.
Taking a value of 0.055Nm for (Tg - T^) gives a Blok 
parameter of t|» = 0.25 for use in the appropriate equations. 
Theoretical values of slip velocity and relative displacements 
are calculated and shown in fig. 2.14 for no damping.
Increasing the viscous damping coefficient gives a similar 
effect as for the negative damping model. A value of 
C2 = 0.68 obtained from the stability relationship of fig. 2 . 5  
produces continuous slip velocity and relative displacement,
i.e. stability.
2.4.2 Stick-Slip Amplitude and its variation with System 
Parameters
The theoretical amplitude of vibrations is given by the 
difference between the maximum relative displacement and the 
minimum relative displacement. The latter is available 
using the relative displacement equations and values of wti 
from figs. 2.3 and 2.11. Maximum relative displacements, 
however do not occur at the initial point of slip. This 
maximum will occur when ^-($-0) = 0.
For Blok friction model differentiating equation (3) with 
respect to time and equating to zero gives
0 = cos wt + sin wt -—
iKl - C 22
. . ^ ^ - W l  - C22 - • “ •giving tan wt, = -jR— j-S- .....................................
where t, = time period of maximum displacement.
For negative damping coefficient model differentiating equation 
(G) with respect to time and equating to zero gives
(11)
-Ct w 2-t
o
giving tan w 2ti* (12)
Using the condition represented by equation (11) in equation (2)
and the condition represented by equation (12) in equation (6)
thus enables maximum relative displacements and hence stick slip 
amplitudes to be obtained.
As an indication of the effect of varying system parameters 
on the theoretical amplitude of stick slip, graphs of amplitude 
are presented in figs. 2.15 and 16 for variations in spring 
stiffness, system inertia, drive velocity and dynamic friction 
values. Using a nominal value of Cj = 0.4 for the negative 
damping coefficient theory gives fig. 2.16 and a value of 
(TS “ T^) = 0.055Nm for the Blok model theory gives fig. 2.15.
It can be seen from these graphs that increasing spring stiffness 
values causes a reduction in stick slip amplitudes for both 
theories, the rate of amplitude reduction being almost identical. 
Comparing the effects of Variation of and J shows considerable 
difference between the two theories. For the Blok model theory 
the amplitude of vibrations is practically independent of $ and 
J, showing slight decreases for increasing drive speed and 
system inertia. However for the negative damping coefficient 
model theory considerable reduction in amplitude occurs for 
decreasing values of drive velocity and system inertia.
Variations in stick slip amplitude with dynamic friction model 
are shown in fig. 2.17. Amplitude of vibrations is seen to be 
directly proportional to (Tg - T^) levels, but increases
exponentially with Ci values. Above negative damping 
coefficient values of 0.4 large increases in vibration 
amplitude are evident.
2 I S Theoretical Analysis of Dry Lubricant Friction Effects 
As suggested in Chapter 1, the dynamic friction model for the 
transfer lubricant acting on the disc is considered to consist 
of a coulomb friction resistancej together with a positive 
viscous damping resistance. If this model is accurate then 
difficulty will be experienced in quantifying the friction 
components by direct measurement. In order to separate and 
evaluate the coulomb and viscous friction components of the 
dry lubricants, a method proposed by Kennedy ( 2 7 )  is utilised, 
necessitating the modification of initial displacement amp­
litude response curves as follows.
Consider a characteristic made up of coulomb damping (T) plus 
positive viscous damping (C), then the equation of motion for 
a freely vibrating torsional mass-spring system subjected to 
such damping is
J0 + c0 + K0 = ±T
For 1st half cycle T is positive 
T —ut.% 0 = tt + Me cos (wt ” °0 where M is a constant,.Jv
a a constant phase angle 
for an initial displacement of 0 = Go at t = o,
First peak occurs at wt = it
Bo - I  -V!
" 6 l  =  1 +  c o F F o J 6 ” c o s  ^
-y tt
01 = X  + ( 0 O ._ I) e W
For next half cycle T is negative-yrr
•• 02 ~ + 1^1 ®
In terms of 0o gives
-yrr -_2yrr
Q _ -T -2T w rQrt T-, a w
—yir -2yTT -3y7T_ • T 2T v; 2T w rQo T. w0 3 "■ *" JT f 0 0 ” J ©
In general terms for *n? peaks
-nyrr -yrr -2yrr - (n-1) yrr
fir* - "T 4. ^ w 2T , w , o w V7 n011 *■ (00 ■ ™ J G “ (^6 "t* 0 * • • 6 J
-nyrr -yrr —ytt - (n-2) yn
- "T 4- o w 2T ro w ri 4. ^ w o w 'y”* k  (6o — ® — C® (1 6 • • • e )
' _ -SHE i + e‘M
9n = C9o - |) e * - f(— = ^ }  ...........................
1 " e —
Therefore a plot of the successive peak amplitudes of such a
system subjected to initial displacement can be modified by1 + e-yT7
adding the constant value until an exponential
relationship is obtained.
The ratio of amplitudes of the modified values is used in 
finding the viscous component of damping (c), and the constant 
value added is used to determine the coulomb component of 
damping (T).
(13J
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•CHAPTER '5' 'EXPERIMENTAL APPARATUS
3.1 Introduction
The basic requirement of the apparatus designed,was one of 
providing a means of examining stick slip motion for the 
variation of a selection of system parameters. These parameters 
were as follows; applied normal load, drive speed, drive 
stiffness, junction surface finish, junction material and 
driven disc. The stick slip properties to be measured were 
stick slip amplitude, slip velocity, slip frequency and 
dynamic friction forces.
3.2 Stick-slip machine
Several items were available from an apparatus originally 
designed by G R Symmons (14) to investigate stick slip motion. 
This was a rotational system enabling continuous generation 
and measurement of the stick slip oscillations. The items 
available were as follows
(1) Pair of hydrostatic journal bearings to support a rotor.
(2) Rotor to carry interchangeable discs, and
(3) Mercury bath to transmit displacement signals.
Items (1) and (2) are shown in fig. -3.1 and item (3) is shown 
in fig. 3.2.
The first requirement of a continuously driven mass supported 
with minimal frictional resistance was thus satisfied by 
items Cl) and (2) above. A second element was required to 
operate as the friction junction rigid member with facility
for normal load application and variation on to the moving disc.
At this stage there was a choice of loading action, either 
radial on to the disc edge or axial on to a disc face. The 
former provides an arc area of contact with constant velocity 
at the friction junction, the latter system achieving a flat 
contact area but giving a variable junction velocity across 
the friction interface. The system selected was one involving two 
diametrically opposed pneumatically loaded pistons acting on 
the circumference of the disc.
Fig. 3.1 shows details of the loading arrangement, with the 
piston located in a cylinder having compressed air supplied to 
it from the compressor via a gauge and filter. A Key and 
Keyway in the piston prevented rotation and a replaceable element 
was located within the piston with a grubscrew which provided for 
interchangeability of the friction junction materials. The 
hydrostatic bearing journals were mounted in vee blocks with 
removable clamps to enable quick release. In this way the friction 
interface between piston and disc could be varied to provide a 
selection of junction surface finishes and materials. A hacksaw 
blade was incorporated as the elastic drive member necessary to 
bring about stick slip vibrations in the system. The drive to 
the system was required to provide low but variable speeds, and 
was achieved utilising a "Kopp" unit from Allspeeds of 
Accrington, type MSR3. This consisted of a 0,375 kW, 960 rev/min 
motor driving a ball and disc, handwheel controlled, variable 
speed unit which in turn drives a 30:1 fixed reduction gear box.
An output speed range of 10 - 90 rev/min obtained from this 
unit was then further reduced by a 2:1 vee belt drive and type 
”22” 10:1 worm and wheel fixed reduction gearbox manufactured 
by Crofts of Bradford. This brought about a final system ro-
tational speed range of 0.05 to 0.5 rad/s. Changing the vee 
belt pulleys to bring about a 5:1 reduction ratio further 
reduced the minimum drive speed to 0.02 rad/s. The complete 
stick-slip machine is shown in fig. 3.3,
3.3 Instrumentation
It was necessary to instrument the apparatus to provide facil­
ities for measuring the following properties of stick-slip 
vibrations; amplitude and frequency of vibrations, friction 
forces, and instantaneous slip velocity. Strain gauges were 
located at 45° to the longitudinal axis, on opposite sides of 
the torsional spring (hacksaw blade) and incorporated into a 
wheatstone bridge with two dummy gauges for temperature 
compensation. This provided a measure of the relative dis­
placement between driving and driven member, the arrangement 
being shown in fig. 3.4.
Since the strain gauges were located on a rotating member it
was necessary to transfer the signal to a fixed set of
terminals for conditioning and display. The device used was
the copper finned Tufnol insulated rotor connected to the
torsional spring and rotating in a fixed 4-section mercury bath, 
mentioned earlier. Signals from the gauges pass to fixed
terminals via the rotor fins and mercury baths, (see fig. 3.2).
The friction forces at the piston and disc interface were 
measured directly from the piston itself. By creating a 
reduced spindle diameter on the cylinder and allowing a small 
extension from it's base bracket, a simple cantilever system
was produced which deflected slightly under the transverse 
loading brought about by frictional contact at the piston and 
disc interface. Locating strain gauges on the top and bottom 
surface of this reduced portion of the piston, enabled a 
measure of the friction force to be obtained. As the friction 
force varies rapidly with time it was necessary to have a high 
natural frequency for the arrangement to obtain a faithful 
reproduction of the friction force. In addition, high 
transverse stiffness minimised the deflection of the piston 
thus maintaining a close approximation to the ideal situation 
of rigidity in the piston. This high cantilever stiffness 
reduced the available signal from the strain gauges and the final 
design was a compromise resulting in a maximum piston 
displacement of 25ym and a natural frequency of approximately 
210Hz. The signal obtained from this device was amplified by a 
factor of 50 for display purposes. This resulted in a noise prob­
lem of 50Hz frequency. It was considered acceptable to filter 
the friction force signal and in order to minimise amplitude 
attenuation at critical frequencies an inductance-capacitance 
low pass filter with a cut off frequency of 40Hz was designed and 
is shown in fig. 3.5. Fig. 3.6 shows details of the frequency- 
amplitude response obtained from this filter by feeding a 
variety of waveform signals with constant amplitude from an 
oscillator into the filter and monitoring the output from it. It 
can be seen that acceptable attenuation of the signal is produced 
for frequencies relevant to the investigation.
For the measurement of the slip velocity of the disc it was
decided to use a tacliogenerator located on a spring loaded 
swinging arm. A rubber rimmed pulley was fastened on to the 
generator spindle and motion imparted to it from the disc by 
a rubber ring fastened to the extended rotor on which the disc 
was located. The generator provided 7 volts output per 1000 
rev/min spindle speed. All three signals were fed via amplifiers 
to a u.v. recorder using galvanometers with natural frequencies 
of 1000Hz. Fig. 3.7 illustrates the instrumentation used on 
the stick slip machine.
3.4 Calibration and Specimen Preparation 
External calibration was performed for the measurement of 
torsional spring displacement, friction force and slip velocity 
as follows.
In order to calibrate the torsional spring it was disconnected 
from the main rotor and then supported in a flat horizontal 
position by the use of a screw-jack. A torque arm of 0.4m 
length was then clamped at the end of the spring in the same 
position as the connection to the rotor had been. By applying 
loads to one end of the torque arm and measuring its deflection 
a calibration curve of angular displacement of torsional spring 
vs u.v. recorder reading (fig. 3.8) was obtained. Fig. 3.9 
shows the spring displacement plotted against applied loads on 
the torque arm from which a value for torsional spring stiffness 
was obtained. This procedure was repeated for three different 
springs giving stiffness values of 7.5, 16.3 and 31Nm/rad 
respectively. By subjecting the disc and torsional spring 
system to free vibrations following an initial displacement the 
system frequency and hence disc and rotor inertia were obtained 
(fig. 3.10). Using each of the springs in turn system
frequencies of 6.6, 10 and 13,7Hz were measured giving an 
average disc inertia value of 4 x 10“3Kgm2.
In order to calibrate the friction force transducer the bracket 
holding the piston cantilever was clamped in a position away 
from the rotor arrangement. The piston itsel-f was located a 
fixed distance from the bracket boss and weights suspended from 
the end of the piston using thin wire. Calibration graph 
fig. 3.11, showing piston transverse load against u.v. recorder 
displacement was thus produced.
To effect angular speed calibration the main rotor was run and
c-n^ ri checked manually with a stop watch. By adjusting
^  C" ) speed box, graphs of speed setting vs.,15 c  c  S  angular velocity vs u.v. recorder displace- 
£ $  igs. 3.12 and 3.13).
f O' f? DK
£ k  \  T,P TJ 0 w i°ns used for the test were restricted to
- p  ^ T\ lubricants. Discs of mild steel EN1B and£ ^ H  ^
5 7 ^  > x ^  (BS1452) were made, together with piston
^  i
t ®  1 and also carbon graphite and ptfe pistons
>  Q 3  (?(fl $  5 3 ‘ was used to produce an appropriate surface
0  f  ^'fa U . K ircumference. Three values of surface finis
. &  C it of the profile in the direction of
J  f b0 • fed using the radial arm attachment on thex r
$  rf Model 5 (fig. 3.14). Several
X  O
ken at various positions around the disc, 
ted provided each of the surface finish 
measurements wras within a tolerance band of ±10% of the norm 
value. Typical surface profile traces and measurements are
shown in fig. 3.15 for 0.03in (0.75mm) cut off wavelength, stroke 
setting K. Surface finishes of 20, 30 and 45 yins (0.5, 0.75
and l.lym) CLA were utilised. These are identified as SFI,
SFII and SFIII respectively throughout the remainder of the 
thesis.
3.5 Tolerances in Experimental Measurements
An estimation has been made of the I tolerances (or % uncertain­
ty) in the system parameters and experimental results due to 
the random errors associated with calibration and primary 
measurements. These errors have been considered to be due to 
equipment error and observation error. Where derived results have 
been produced from combinations of other results the following 
procedure has been adopted.
For a result P as a function of independent variables a, b, 
c etc.
P = f(a, b, c)
If Xp, xa , x^, xc are the errors associated with P, a, b, c 
then
P '•aa a' b^ ...»
System Parameters
Assuming a tolerance of ±1% in the weights used for calculating 
the spring stiffness together with an observation tolerance of 
±1% in the measurement of the torque arm radius and spring 
angular deflection then spring stiffness (s) = weight (w) x 
radius arm (1)/vertical deflection of radius arm (6)/radius 
arm (1).
i.e. (I error in s)2 = (% error in w) 2 + ( 2 x l  error in l)2
+ (I error in 6)2
% error in spring stiffness = ±/6T.
The natural frequency of the system was evaluated from u.v. 
recordings having an estimated timing accuracy of ±2 % together 
with an observation tolerance of ±11, giving ±/5T as the 
tolerance for system frequency measurements.
System frequency was used together with spring stiffness to 
calculate the system inertia. Since inertia is a direct 
function of spring stiffness and dependent upon 1 / (frequency)2 
then the % error associated with the inertia results is 
±/20 + 6 = ± / 2 ~ 5 T . For the system drive speed an estimated
±21 setting error in the 1 Kopp Box’, ±11 error in the tacho- 
generator, ±11 error in the stop watch and ± 1 % observation 
error in the timing and recording produced a total drive speed 
tolerance of ±/8T.
Stick-Slip Results "
The friction torque measurements were considered subject to 
an estimated equipment tolerance of ±/2T (±1% strain gauge 
tolerance and±L$ calibration weight tolerance), and an
observation tolerance on the u.v. recordings of ± 1 %.
Additionally the location of the friction torque measuring 
device provided a further source of error. Estimating this 
at ±2% provided a total uncertainty in the friction torque 
results of ±/7T.
Relative displacement errors made up of observation error in the 
calibration process of ±/2T, strain gauge tolerance of ±1% and
u.v. recording observation errors of ± 1 % produced a total 
tolerance on this measurement of ± 2 % .
For the measurement of slip velocities the component 
measurements are those associated with drive speed with the ex­
ception of ’Kopp B o x ’ setting. Consequently a ± 2 % tolerance on 
slip velocities resulted. Viscous damping results were 
calculated from vibration amplitude ratios and system parameters. 
From equation (13)
-log (R)2Jw 
  (n-l)ir where R = 6i/0n
Giving viscous damping coefficient as
loge (R)w 
02 " (n-1) TTWi
XD }2 +■{■
lo g  (R)
-7-------- ^ 5 ------------  X(n-ljirwi wx,,}2 + {
- l o g ( R ] w e v \ 2(n-1) tt * Wi
(I error in c2)2 =
+ { - %  error in Wi}2
The amplitude ratio measurements contribute significantly 
to the total error in the viscous damping coefficient especially 
for low R values. Assuming a tolerance of ±51 in producing 
the amplitude ratio values, a minimum log R factor of 0.4, and
V
± 2 % for both frequency measurements produced a total tolerance 
for c2 of ±131.
Tolerance on Blok parameter diie to individual tolerances 
becomes ±/8+8+7! = ±/23l.
Similarly negative damping coefficient results are subject 
to a tolerance of ±/7+8+4! = ±/l9%.
The system parameters with estimated tolerances, and measured 
results estimated tolerances are given below.
Estimated
Parameter Measured Value Tolerance f?Q
Spring Stiffness 7.3,16.3.31.0Nm/rad ±2.4
Inertia 0.004Kgm2 ±5.1Natural frequency 6.6,10.0,13.7Hz ±2.2
Measured Result EstimatedTolerance (%)
Friction torque ±2.6Relative displacement ±2.0
Slip frequency ±2.2Slip velocity ±2.0
Drive speed ±2.8Viscous damping coefficient ±13.0Blok parameter -±4.8
Negative damping coefficient ±4.4
3r.'6 Exp e r ime n t a 1 P r o c e du r e
The first requirement of the experimental programme was to 
examine the dynamic friction characteristics of the cast iron
and steel combinations for qualitative comparison with the 
linearised dynamic friction models. This was achieved by 
feeding the friction force and slip velocity signals respec­
tively to the vertical and horizontal axes of an oscilloscope. 
Polaroid photographs of the dynamic friction characteristics 
were then obtained and used as a qualitative guide to the 
accuracy of the linearised models. As the system parameters 
were varied, occasional photographic traces were taken as a 
check on the shape of the friction characteristic. Quantitative 
results were obtained from u.v. recordings of friction torque, 
slip velocity and relative displacement between driver and 
driven disc. Slow paper speed was set on the recorder so as to 
enable slip time and hence slip frequency to be measured 
accurately. From these readings the governing parameters ip and 
Ci for each theory were evaluated and comparison made between 
theory and experimental results.
Tests conducted to examine the effect of transfer lubricant 
on stick slip motion necessitated the replacement of one metal 
piston by a dry bearing compact enabling transfer of the dry 
lubricant to the metal junction. The effect of variations in 
normal load, surface finish, system frequency and metal a?id 
lubricant combinations were monitored. Since both theories 
suggest the elimination to be brought about by transferred 
lubricant modifying the negative metal to metal dynamic 
friction characteristic together with a viscous damping action 
from the transfer lubricant, then these two characteristics 
required examination. At regular intervals throughout the
selected tests, the stick-slip machine was stopped. The dry 
lubricant piston was removed from contact with the disc and 
readings taken with the metal piston only in contact.
Running the machine briefly gave results from which the modified 
dynamic friction characteristics of the stick slip junction were 
obtained. The dry lubricant piston was then brought back into 
contact with the disc and the metal piston removed. With the 
drive end of the machine stationary, the disc was subjected to 
an initial displacement and allowed to vibrate under the influence 
of the dry lubricant. Measurement of successive disc amplitudes 
enabled the theory of section 2.4 to be used in determining the 
individual.coulomb and viscous components of damping.
Prior to the commencement of all tests the friction junctions were 
chemically cleaned with carbon tetrachloride.
Fig 3ci Rotor and disc in journals with piston acting radially on disc
Fig 3c2 Mercury bath with copper finned tufnol insulated rotor
Fig 3o3 Complete stick slip apparatus
Fig 304 Torsional spring and strain gauges
input
also
i.e.
Fig 3.5 Friction force filter circuit
CK “t output
L = inductance = 150 mH K
= capitance = 200 yF 
R^ = additional resistance across galvanometer 
f = cut-off frequency = 40 Hz
2L„ = ~  R = ir x 40 x 300 x 10"3 K 1T±c
R = 40ft
CK ~ irf R c
. . R = 10s200 x it x 40 
R = 40ft
If R„ = galvanometer resistance = 115fto
1 1 1  
then R Rt Rg
Rj, " R R, 40 115 65
P^, = 65ft
L, = 150 mHJ\
CK = 200 yF 
^  = 65ft
for cut-off frequency of 40 Hz
Fig 3.6(a) Friction force filter output for 0.1/Hz square wave input
j i j l i t j j  (' 11 
’Pj! w
Fig 3.6(b) Friction force filter output for 3Hz square wave input
Fig 3.6(c) Friction force filter output for 20Hz truncated saw tooth input
4v4v
Velocity
Tachogenerator
U.V.
Recorder
Filter
t = Tension strain gauge
c = Compression M ”
d = Dummy M '*
A = Amplifier
Oscilloscope
Fig. 3.7 Stick Slip instrumentation
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Fig 3.14 Taylor-Hobson Talysurf set up to measure along disc circumference
Fig 3.15 Typical disc surface profiles taken along circumference
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b) horizontal magnification = 20 vertical magnification = 5000
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CHAPTER 4 : EXPERIMENTAL RESULTS AND COMPARISON WITH THEORIES
FOR UNLUBRICATED STICK SLIP
4.1 Dynamic friction characteristics
Fig. 4.1 shows oscilloscope photographs of friction force-slip 
velocity characteristics for steel and cast iron friction 
junctions respectively. The traces were obtained for 
variations in system frequency, drive speed and surface finish.
The friction level at zero velocity reduces with increase in 
velocity, the shape of the drop not being easily definable 
although it always appears to be of concave form i.e. inside 
a negative damping model. For the deceleration phase the 
friction level is generally constant although some increase 
is noticeable and very occasionally some decrease in friction 
force occurs.
It can be seen therefore that the actual friction 
characteristics fall between the upper and lower linearised 
models suggested in Chapter 2.
4.2 Comparison of Experimental Results with Linearised Theories 
As stated in Chapter 2, amplitude of vibrations appears not to
be a suitable criterion for the assessment of the accuracy of any 
dynamic friction model. This is confirmed by fig. 4.2 which 
shows the comparison between actual and theoretically predicted 
values of vibration amplitude for a particular set of system 
parameters. It can be seen that both theories predict
vibration amplitudes close to the experimental values. This 
parameter therefore has not been used in comparing the lin­
earised theories with experimental results. It can also be 
seen from fig. 4.2 that a running in period was evident and this 
was noticed on all unlubricated stick slip results. (Tabular 
results are included in Appendix I )
The vibrations occuring at the steel on steel and cast iron on 
cast iron interface were examined using the measurements of u.v. 
recorder traces typically shown in fig. 4.3. The system 
frequency was varied by using different springs, stiffness values 
of 7.3, 16.3 and 31 Nm/rad being used providing system 
frequencies of 6.6, 10 and 13.7Hz. The normal loads applied 
to the friction junction were 10, 20, 60 and 120N, and the drive 
speeds were 0.02, 0.08, 0.2, 0.35 and 0.5 rad/s. In all cases 
the pistons were run-in on a dummy disc prior to the tests in 
order to produce nominally the same area of contact of 
approximately 35 x 10"6m 2 between piston and disc. Measurements 
were taken of static friction torque, friction torque at 
maximum slip velocity, maximum slip velocity itself and time 
period of acceleration and deceleration (fig. 4.3). From these 
results the non-dimensional parameters ip and Ci (governing 
parameters of linearised theories) were obtained and the graphs 
shown in figs. 4.4 to 4.11 plotted for the steel on steel 
interface. Similar results were obtained for cast iron on 
cast iron contact and are shown in figs. 4.12 to 4.19.
It can be seen that for those graphs involving comparisons
of slip time period of acceleration and deceleration the 
negative damping coefficient friction model offers closer 
correlation than the Blok model for both materials (see Figs.
4.4-7 and 4.12-15). Since the linearised models are generally 
disposed either side of the observed dynamic friction 
characteristics the time period for the acceleration phase 
would be expected to follow suit. This is confirmed by graphs 
4.4, 4.5, 4.12 and 4.13 with the negative damping model 
theory offering closer correlation with experimental values.
For both materials the predicted slip time period of deceleration 
is accurate to a high degree for the negative damping model 
theory. This is not so for the Blok model theory, which shows 
deviation from experimental results. Consequently the total 
slip period results of figs. 4.8, 4.9, 4.16 and 4.17 show the 
negative damping model theory to be the more accurate of the 
two suggested.
The correlation between theories and experimental results 
is similar for both steel and cast iron materials i.e. 
negative damping friction model is more accurate for both 
materials. The results indicating relationships between friction 
governing parameters and maximum slip velocity (figs. 4.10, 11, 18 
and 19) show the Blok model to be reasonably accurate in 
predicting maximum velocity of vibrations with predicted values 
generally higher than those measured. Results have been taken 
for a large range of Blok parameter values and approximate 
correlation exists over the whole range for both materials. For 
the negative damping model theory, correlation exists for low 
values of Ci but some deviation from predictions does occur at
higher values. These experimental values are generally 
higher than theoretical predictions with little evidence of 
variation between cast iron and steel junctions.
4.3 Variation of dynamic gradient with system parameters 
Since the comparison between linearised models indicates the 
negative damping concept to be the more accurate in repres­
enting the friction characteristic of the materials used then 
an appreciation of the variation and values of that parameter 
for a range of system parameters is most useful.
T s -  t kFigs. 4.20 and 21 show the dynamic gradient Cp =   ----
6max
expressed as a function of normal load, system frequency, and 
drive speed. For both cast iron and steel junctions, Cp is 
seen to increase with increasing system frequency and increase 
with increasing normal load. Surface finish of the disc 
appears to have no influence on dynamic gradient values.
Dynamic gradient increases slightly with reducing drive speed 
to approximately O.lrad/s (5 x 10"3 m/s surface speed), but for 
lower drive speeds a sharp increase in dynamic gradient is 
evident. This is true for both cast iron and steel junctions, 
with the absolute values of dynamic gradient generally \o 
for cast iron than steel.
In an attempt to produce an empirical formula representing the 
relationship between dynamic gradient and normal load, system 
stiffness and drive speed, the results are presented in log-log 
form in fig. 4.22 and 23. For cast iron, fig. 4,22 indicates 
the dynamic gradient to be a function of drive speed for each
normal load condition independent of system frequency. As 
the normal load increase^ the slope of the log ( Cp) against 
log (drive speed) relationship reduces. This suggests the 
drive speed exponent itself to be an inverse function of normal 
load. This relationship is obtained as shown in fig. 4.23 
plotting log (drive speed exponent) against log normal load from 
which the drive speed exponent relationship is obtained. Since 
dynamic gradient is dependent on system frequency then the 
exponent of (KJ) is found by plotting log (KJ) against log 
dynamic gradient for any values of drive speed and all values 
of normal load (fig. 4.24). Repeating the process for the 
relationship between dynamic gradient and normal load at 1 mm/s 
drive speed provides the load exponent (fig. 4.25). Bringing 
all the system parameters together and considering a particular 
value of dynamic gradient, provides a constant which completes 
the following empirical relationship
C = 0.12 L°*Z5(KJ) °m"
F 0 * “* 5/L°' 2
The units are:- L(N), K(Nm/rad) y J(Kgm2), <f> (rad/’s).
Converting the dynamic gradient values into negative damping
coefficients (v 2/KJ) gives the graph shown in fig. 4.27 and
the empirical relationship is modified to
0.06 L 0*25Ci =  -----------------  i.e. negative
0  o .  4 5 /L ° • 2  ^(KJ) 0 * 1
damping coefficient reduces for increasing system (KJ) values.
For the steel junction, dynamic gradients from fig. 4.21 
presented in log-log form in fig. 4.23 are less easy to define 
than those for steel. Dynamic gradient is approximately a
constant function of drive speed for all normal load conditions 
although there is some evidence of deviation from this in 
fig.,4.23. Using the same basic form and approach as for 
steel junction results gi^es the following
C = 0.19 L°‘2 (KJ) °,tf
F * 3 5/ l ° ‘ 1 6
Converting the dynamic gradient results to negative damping 
coefficients (fig. 4.28) also indicates a decrease in negative 
damping coefficient for increase in system frequency.
Fig 4.1 (a) Typical friction force-slip velocity oscilloscope
photographs.
Friction 
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slip velocity 0 (rad/s)
(i) Cast iron, 60N normal load, 6.6 Hz frequency, 0.02 rad/s 
drive speed, SF III.
Friction 
force (N)
slip velocity (rad/s)
0
(ii) Cast iron, 60N normal load, 13.7 Hz frequency, 0.08 rad/s drive speed, SF II.
4.1 (b) Typical friction force-slip velocity oscilloscope
photographs.
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slip velocity 0 (rad/s)
(i) Steel, 60N normal load, 10 Hz frequency, 0.08 rad/s 
drive speed, SF I.
12
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JL0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
slip velocity (rad/s)
(ii) Steel, 60N normal load, 13.7 Hz frequency, 0.08 rad/s 
drive speed SF II.
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Fig. 4.5 Comparison of experimental acceleration time period with negative damping model theory for variations in 
normal load, drive speed, surface finish and system frequency, steel on steel
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Fig 4.6 Comparison of experimental deceleration time period with 
Blok model theory, steel on steel
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Fig. 4. Comparison of experimental slip frequency with Blok model theory
for variations in surface finish, load, drive speed, system
frequency, steel on steel
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Fig. 4.9 Comparison of experimental slip frequency with negative damping 
theory for variations in normal load, drive speed, surface 
finish and system frequency (negative damping model), steel on- steel
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Fig. 4.16 Comparison of experimental slip frequency with Blok model theory
for variations in normal load, drive speed, surface finish and
system frequency, cast iron
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Fig. 4.27 Variation of negative damping coefficient with system frequency, 
Cast iron
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Fig. 4.28 Variation of dry negative damping coefficient with drive speed 
and system frequency for steel
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CHAPTER -5- EXPERIMENTAL RESULTS- AND 'COMPARISON WITH THEORY
FOR TRANSFER LUBRICATED STICK SLIP
5.1 Introduction
Tests were performed to establish the conditions under which 
stick slip vibrations are eliminated by the transfer lubricating 
technique. Transfer lubrication was achieved by allowing one 
metal piston of the experimental apparatus to be radially loaded 
on to the disc together with a diametrically opposed transfer 
lubricant component also loaded radially on to the disc. Motion 
of the disc brought about wear in the lubricant and caused it to 
be transferred to the metal interface with consequent modifi­
cation to the frictional properties of the arrangement.
Typical u.v. recorder traces demonstrating the reduction in 
vibration amplitude due to transfer lubrication techniques are 
shown in fig. 5.1.
The tests were performed for variations in system frequency, 
normal load, drive speed, surface finish and metal/lubricant 
combinations. Figs. 5.2, 3 and 4 illustrate in tabular form thos 
combinations successful in causing the elimination of stick-slip 
vibrations or the minimum vibration amplitude obtained, 
expressed as a fraction of the maximum amplitude in any test.
Measurements were also taken of metal and lubricant dynamic 
friction characteristics, time taken to eliminate vibration 
and in selected cases the volumetric wear of the transfer 
lubricant compacts.
Prior to commencement of the tests both pistons were run-in on a 
dummy disc, providing a metal piston area of 35 x 10 6m 2 and a 
lubricant piston area of 55 x 10 6m2.
5.2 Dynamic Friction Characteristics
To examine the mechanism of transfer lubrication in terms of 
the theory suggested in chapter 2 it was necessary to have a 
measure of the metal to metal dynamic friction characteristic 
being continuously modified by the transferred lubricant, to­
gether with the viscous damping action of the transfer lubricant 
on the disc. This was achieved by periodically removing the 
transfer lubricant and measuring the metal to metal dynamic 
frictioncharacteristic as originally outlined for dry stick slip 
(chapter 4). Oscilloscope photographs of such characteristics 
are shorn in fig. 5.5 confirming the shape of the characteristic 
to be similar to that for dry sliding. Thus the proposed mech­
anism of negative damping metal to metal characteristic modified 
by transferred lubricant is seen to be acceptable. Although 
modified dynamic friction metal to metal characteristics were 
obtained simultaneously with the transfer lubricant dynamic 
characteristics, the latter will be presented and discussed 
separately.
5.3 Friction Components of Transfer Lubricants
5.3.1 Introduction
At the same time as the modified ’metal to metal’ characteristic 
was obtained, it was also necessary to acquire the dynamic
characteristic of the transfer lubricant acting on the disc.
An attempt was made to do this by measuring dynamic friction 
force with the transfer lubricant piston only^ acting on the 
moving disc. U.v. traces indicated no reduction from static fric 
tion level to a lower kinetic friction level. Hence a dynamic 
friction model for the dry lubricant made up of coulomb and 
positive viscous components of frictional resistance is seen to 
be reasonable, but the assessment of lubricant dynamic friction 
characteristic is impossible using this technique. Using the 
method suggested by Kennedy (20) and outlined in section 2.5 the 
friction components were obtained by subjecting the system to an 
initial displacement and measuring the amplitudes of free vi­
brations of the disc under the influence of the transfer lubri­
cant. By applying theprocedures outlined in chapter 2 the 
coulomb and viscous valuesof friction were then determined. U.v. 
traces shown typically in fig. 5.6 and 7 were used to obtain 
the amplitude response curves required to calculate friction 
components.
Fig. 5.8 shows two such amplitude response curves plotted in 
log-linear form for graphite on cast iron(S.F.II) for system 
frequency of 10Hz, and normal loads of 20N and 36N. Constant 
values are added to each successive•amplitude until a straight 
line is obtained on the graph. The coulomb and viscous friction 
components are then calculated as shown in fig. 5.9. Results 
obtained from direct measurements as described above urovide a 
check on the coulomb friction levels. The above procedures were 
repeated at the same time as the metal to metal tests during
the transition phase from vibratory to smooth sliding. Little 
evidence of variation in the lubricant friction components 
with time was observed throughout the duration of the tests. 
Tables of typical results are given in appendix II.
5.3.2 Variation of Transfer Lubricant Friction Components 
with System Parameters 
Using the above techniques, values of coulomb and viscous 
frictional resistance were obtained for a selection of 
lubricants and various system parameters. Since no variation in 
lubricant friction was observed with time then the results 
are given as a function of system frequency, normal load and 
material combinations. Initially surface finish II was used 
for all metal and lubricant combinations. For those combinations 
successful in eliminating stick-slip (steel/ptfe and graphite/Cl) 
tests were extended to include surface finishes I and III; for 
those un-successful (steel/graphite and Cl/ptfe) only surface 
finish II was utilised. From the results shown in figs.5.10 
to 17,it can be seen that for all cases, both viscous and 
coulomb friction torques increase with increasing normal load.
The maximum value of normal load for which experimental results 
could be obtained was that which would allow free vibrations 
and hence amplitude measurements. In addition, it can be seen 
that in all cases surface finish II produces the highest 
value of viscous resistance. Viscous damping coefficient can 
be seen to be reasonably independent of system frequency for the 
three frequencies used, as is the coulomb damping level.
It was felt desirable to perform some comparative check on 
these results although precise data was not found in a 
literature search. The coulomb friction torque values for 
ptfe/steel were converted to friction coefficients and 
plotted against normal pressure to allow direct comparison 
with results by O ’Rourke (28) for the variation of steady state 
static coefficient of friction with normal pressure. No precise 
details of surface finish were given by O'Rourke except that the 
surface was highy polished. It can be seen that the shapes 
of all the curves are comparable, with a reduction of coefficient 
of friction from 0.3 at 0.05 MN/m2 to a reasonably constant value 
at 0.2 MN/m2 (fig. 5.18). O'Rourke's results suggest this 
value to be 0.09 to 0.1 compared with 0.1 to 0.13 for surface 
finishes I, II and III respectively, obtained by the author.
The reduction of coulomb friction with increasing normal pressure 
for ptfe acting on cast iron is seen to be much less pronounced 
than for ptfe on steel.
Approximate comparisons can be made between dynamic character­
istics and steady state data given by Hemingray (17) and Lewis 
(25) indicating the variation of coefficient of friction with 
sliding speed for ptfe acting on steel. Fig.5.19 shows details 
of these comparisons for a range of speeds relevant to stick 
slip vibrations, and nominal normal pressure of 0.8 MN/m2 . 
Therefore, the coulomb plus viscous damping model suggested for the 
dynamic friction characteristic of ptfe on steel compares 
favourably with thd steady state results obtained by Hemingray 
and Lewis.
Although comparisons are unavailable, results for graphite 
rubbing on cast iron are presented in a similar form as 
above (figs. 5.20 and 21). These results indicate a 
similar trend to those of ptfe on steel, the coefficient of 
friction reducing with increasing pressure and increasing 
with increasing sliding speed.
5.4 Comparison Of Experimental Results with Stability Theories
5.4.1 Introduction
By inspection of the theoretical graphs of chapter 2 it can be 
seen that the influence of viscous damping on the unlubricated 
friction characteristic has little significance in modifying the 
frequency of vibrations. In the case of the negative damping 
coefficient, for high friction gradient values an increase in 
slip frequency is predicted, for low friction gradient values a 
reduction in slip frequency is anticipated. For values of Ci 
around 0.4 to 0.5 little or no variation in slip frequency can 
be expected. Since these values of Ci occur regularly in the 
experimental apparatus then slip frequency is not a satisfactory 
parameter to confirm the damping action of the transfer 
lubricant in the elimination of stick slip motion.
Transfer lubricated stick slip results are thus presented on 
the basis of the stability relationships developed in chapter 2 
utilising the viscous damping values presented in section 5.3. 
Tables of results are given in Appendix III.
5.4.2 Stability Relationships
Combinations of metal to metal dynamic friction character­
istics continuously modified by the transferred lubricant, 
together with the corresponding external viscous damping 
coefficient supplied by the transfer lubricant are pres­
ented on stability graphs, figs. 5.22 to 33. Results which 
induced stability and those which did not are presented and 
the identification of each type is available from the 
tables in figs. 5.2, 3 and 4.
As mentioned previously, the viscous damping action of the 
dry lubricant remained reasonably constant during each 
test for a particular set of system parameters. Hence the 
accuracy of the theoretical relationships developed is dem­
onstrated by the proximity to the stability line of those 
metal to metal characteristics measured immediately prior 
to the occurrence of smooth sliding
The theoretical relationship developed from the Blok dynamic 
friction model shows poor correlation with experimental 
results for all combinations of dry lubricant and metal 
junctions where stability occurred. In addition, using 
this method of presentation it is difficult to distinguish 
between those results successful in eliminating stick slip 
and those not. This is not true for the negative damping 
dynamic friction model stability relationship. Results 
obtained from conditions where smooth sliding occurred com­
pare favourably with the theoretical stability line whilst
those where instability persisted are evidently farther 
away from the stability line..
For the Blok model relationship, the degree of correlation 
between theory and experimental results varies considerably 
depending upon the system parameters. Stability results 
obtained with high drive velocities have high values of 
Blok parameter (see fig. 5.22 graphite on cast ir.on,
SF II, 48N normal load, 0.2 rad/s drive speed) and hence 
show reasonable correlation with theory. However stability 
conditions for low drive velocity situations (fig. 5.22, 
graphite on cast iron, SF II, 48 N normal load, 0.08 rad/s 
drive speed) show large discrepancies between theoretical and 
experimental values.
This contrasts with the consistency of correlation obtained 
by plotting the same results in Fig. 5.23 using the 
negative damping dynamic friction model relationship. The 
fact that this method of presentation of the results also 
distinguishes between stable and unstable conditions is 
demonstrated specifically in figs. 5.22 and 5.23, the 
ptfe on cast iron results being farther away from the 
theoretical stability line.
These observations apply generally for the complete 
series of results shown in fig. 5.22 to 33.
5.5' Stick-Slip glimiriatiori Distarices and Transfer Lubricant
Wear Rates
Measurements were taken to examine the stick-slip elimination 
point for variations in normal pressure and drive speed. The 
measurements were taken for graphite on cast iron and ptfe on ; 
steel. Results from these tests are shown in figs. 5.54 and 35. 
plotting normal load against sliding ratio, which is defined as 
the ratio of total sliding distance to disc circumference.
System frequency for the measurements was confined to 6.6Hz 
and surface finish was varied through 3 values. The results 
are presented for two drive speeds, in the region where the 
dynamic gradient was approximately constant i.e. 0.2 rad/s and 
0.4 rad/s.
Three significant points emerge from the graphs. Firstly, the
elimination of stick slip is a function of sliding distance
for those conditions where dynamic gradient is independent of
drive speed. Secondly the level of damping exhibited by a
material and surface finish combination directly influences
stick slip elimination, i.e. the lower the damping level, the 1: .
longer elimination takes. Thirdly, with increasing normal load
the distance required to eliminate stick slip increases. In the
case of surface finish 1^ ptfe on steel, stick slip elimination
2ceases to occur after 90N normal load (2.57 MN/m normal pressure)
Since it was felt that volumetric wear of transferred 
lubricant would influence the modification of the dry dynamic 
characteristics, measurements of volumetric wear were taken 
concurrently with the above measurements for selected tests.
The . wear, measurements were also extended for a considerable 
period of time after smooth sliding had been achieved.
Obviously the number of tests had to be restricted and surface 
finish II only was used. Results are shown in figs. 5.36 and 
37. As would be anticipated volume wear is independent of drive 
speed and is directly proportional to normal load. These 
observations are compatible with the first two observations 
made previously in connection with the stick slip, elimination 
distance but at first sight do not confirm the third point.
Since the metal to metal dynamic gradient increases slightly 
with increasing normal load then the volume of transferred 
lubricant necessary to modify the dynamic gradient would be 
expected to be larger. But transferred lubricant volume wear 
is directly proportional to normal load and transfer lubricant 
damping has been shown to increase with normal load. This 
suggests that stick slip elimination point could reasonably be 
expected to reduce with increasing normal load. This is not 
borne out by the experimental results shown in figs. 5.34 and 
35 which shows the sliding ratio continuously increasing 
with normal pressure. One explanation for this effect is 
the possibility of a limiting normal pressure being reached 
due to plastic deformation of the surface asperities at the 
metal interface. This then effectively denies access of the 
transferred lubricant to the dry friction junction and 
increases the stick slip elimination point.
Tests were also conducted for a differential loading 
situation, and the results are shown in figs. 5.38 and 5.39.
The ratio of metal to lubricant normal load is plotted against
the inverse of sliding ratio as an indication of the limiting 
load levels which might exist. For both ptfe on steel and 
cast iron on graphite the loading ratio increases with decreasing 
normal load levels. Definite limits of stick slip elimination 
are seen to exist for both material combinations, the graphite 
on cast iron providing the highest value of 1.75 compared with
1.5 for ptfe on steel. Expressing these conditions in terms
2of nominal pressures gives limiting pressure levels of 2.75 MN/m 
2and 2.48 MN/m for the cast iron and steel junctions respectively.
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Fig.5 .1 . Reduction of stick slip due to transfer lubrication ptfe on steel 150N normal load SF II 0.08 rad/s drive speed
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Fig 5.5 (a) Typical dynamic friction characteristics for transfer
lubricated stick slip.
Friction 
force (N)
slip velocity 0 (rad/s)
(i) Graphite on cast iron, 48N normal load, 13.7 Hz 
frequency, 0.08 rad/s drive speed, SF II.
12
Friction 
force (N)
10
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
slip velocity (rad/s) 
&
(ii) Graphite on cast iron, 48N normal load, 6.6 Hz 
frequency, 0.2 rad/s drive speed, SF I.
Fig 5.5 (b) Typical dynamic friction characteristics for transfer
lubricated stick slip.
Friction 
force (N)
0 0.4 0. 1.2 1.6 2.0 2.4 2.8 3.2
slip velocity 0 (rad/s)
(i) PTFE on steel, 56N normal load, 13.7 Hz frequency, 
0.08 rad/s drive speed, SF II.
12 
10
Friction 8 
force (N)
6 
4 
2
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
slip velocity (rad/s) 
0
(ii) PTFE on steel, 36N normal load, 0.2 rad/s drive speed, 
10 Hz frequency, SF III.

Fig. 5.7 Amplitude response trace for ptfe on steel 16N normal load, 6.6,Hz frequency surface finish II
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Fig, 5.9 Typical Calculations for Components of Friction of 
Transfer Lubricant
Graphite on cast iron surface finish II, 16.3 Nm spring stiffness, 
0.004 Kgm2 inertia
Peak Number
Normal Load 1 2 3 4 5 6
Actual Amplitude (rad) )
)Modified Amplitude (rad))
20N
0.182 0.144 0.116 0.085 0.059 0.025
0.482 0.444 0.316 0.385 0.359 0.325
Actual Amplitude (rad) )
)Modified Amplitude (rad))
36N
0.212 0.165 0.121 0.077 0.03
0.512 0.465 0.421 0.377 0.33
20N Load Case
From equation (12) Chapter 3 
61  = e11'-1,' w1 _ .(n-l)vir _ 0.482 _ , „0,6^- 6 07325” 1'483n
a r 0.392 x 4 x 10.3 x 0.004 m - i v ™ i /«... viscous damping component, C = ----------- =—---------  = G.OllNm/rad/s
Also -]iTT
Trl e w _
T '  -im1 ~ 0,3 
1 + e w
0.3 x 16.3 x 0.075
1.925 = 0.19Nm
Applying similar procedures for 36N load case - C ~ 0.013Nm/rad/s
T = 0.25Nm
Dynamic friction characteristics of graphite on cast iron - system 
frequency 6,6 Hz
Viscous Coulomb
(Nm/rad/s) (Nm) 
0.1 * 0.4
0.09 0.36
0.08 0.32
0.280.07
SF II 
SF III 
Viscous 
Coulomb
0.240.06
0.05 0.2
0.160.04
0.03 0.12
0.080.02
0.01 0.04
40
0.725 0.870.580.4350.145 0.29
Normal Load (N)
Normal Pressure (MN/m2) .
frequency 10 Hz
Viscous Coulomb 
(Nm/rad/s) (Nm)
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.36 .
L 0,32
©
O
/ °
/
0.28
- 0.24
O  SF I
©  SF II
©  SF III
   Viscous
*  Coulomb
/
©  /
©  /
O
/
/
/
^ 0.2 /
/
/
r o,i6
/
• ©
/  o ©
©
0.08
©o.©
0,04 ^8 ©©
0 "» JL JL JL
0.145
16
0.29
24
0.435
32
0.58
40
0.725
Normal Load (N)
Normal pressure (MN/m2)
©
48
0.87
Viscous Coulomb 
(Nm/rad/s) (Nm)
0.36
0.08 0.32
0.07 0.28
SF II
SF III
0.06 0.24 Viscous
Coulomb
0.05
0.04 0.16
0.03 0.12
0.02
0.01 0.04
0.870.145 0.29 0.435 0.7250.58
Normal Load (N)
Normal Pressure (MN/m2)
r i g .  s . i i
Dynamic Characteristics of PTFE on mild steel - system frequency 6.6 Hz
Viscous
(Nm/rad/s)
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
Coulomb
(Nm)
0.36
0.32
0.28
Viscous
0.24 Coulomb
0.2
0.12
/ ®  /  ° /
0.08
561.02480.87240.455 320.58 400.7250.145 0.29
Normal Load (N)
Normal Pressure (MN/m2)
Dynamic Characteristics of PTFE on mild steel - system frequency 10 Hz
Viscous Coulomb 
(Nm/rad/s) (Nm)
0.09. 0.36
0.08 0.32
0.07 0.28
SF I 
SF II
0.06 SF III
Viscous
Coulomb
0.05 0.2
0.04 0.16
0.03
0.02 0.08
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Stability relationship - negative damping model mild steel, 13.7 Hz frequency
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CHAPTER 6 CONTAMINANT EFFECTS
6.1 Introduction
Having demonstrated the viability of transfer lubrication 
techniques in stick-slip elimination under chemically clean 
conditions it was decided to examine the effect upon the 
technique of oil contamination, which might be experienced in 
some engineering environments. A typical light machine oil,
Shell Tellus 33 (kinematic viscosity of 66cSt at 37.8°C) was
smeared upon the metal disc producing boundary lubrication
conditions at the metal piston and disc interface with the 
dry lubricant compact acting diametrically opposite as 
previously. The stick slip machine was then run and the 
effects upon the transfer lubrication observed. Tests were 
confined to those metal and lubricant combinations which had 
shown most success in the uncontaminated tests.
6.2 Graphite on Cast Iron Results
Fig. 7.1 shows the amplitude against time relationship for 
graphite on cast iron, surface finish II, 0.08 rad/s drive 
speed, 6.6Hz frequency, 24, 48 and 120N normal load. It can 
be seen that elimination of the stick slip vibrations does occur
and the oil contaminant has little or no effect. The
transferred lubricant itself was seen to mix with the oil in 
forming a compound which still transferred adequately to the 
metal- interface causing elimination of the stick slip vibrations.
6,3 PTFE on Steel Results
The above tests were repeated with a mild steel disc and piston
and ptfe as a dry lubricant. The graph of fig. 6.2 indicates 
a deterioration in the efficiency of stick slip elimination 
compared to the uncontaminated situation. In all load cases stick- 
slip vibrations still occurred considerably after they had been 
eliminated in the uncontaminated tests.
In order to ascertainthe reason for this failure to eliminate 
the stick slip vibrations, measurements were taken of Tmetal 
to metal1 friction characteristic, dry lubricant coulomb and 
viscous friction components and dry lubricant volume wear.
The coulomb and viscous components of friction are shown in 
fig. 6.3 and are used in conjunction with the steel on steel 
negative damping coefficient values to produce the stability 
graph of fig. 6.4. Comparing the viscous damping values 
obtained with those shown in fig. 5.13 indicates little variation 
in this property due to the boundary lubrication effects of the 
oil. The stability graph however shows considerable discrepancy 
with that which might have been expected based on the results of 
chapter 5. This indicatesthe contaminant oil to be adversely 
affecting the transfer of dry lubricant and hence the 
modification of the 'metal to metal1 characteristic. Further 
confirmation of this is given by the volumetric wear of the con­
taminated ptfe (fig. 6.5) compared to the uncontaminated wear 
shown in fig. 5.37. It can be concluded therefore that the 
failure of the ptfe to eliminate steel on steel stick slip 
vibrations is due to the effect of the oil in reducing the 
transfer of lubricant to the metal interface.
6.4 Ve's'peT on- Steel Results
A composite dry lubricant, manufactured by Du Pont de Nemeurs 
and having the trade name ’Vespel SP211’* was obtained to test 
the performance under oil contaminated stick slip conditions.
The graphs of figs. 6.6, 7 and 8 show this material to be 
satisfactory in eliminating the stick slip vibrations in
circumstances where the ptfe had failed to do so.
* A polyimide resin containing 15% graphite and 10$ ptfe by
weight - available from Messrs Du Pont de Nemours, Switzerland.
Fig 6.1 Stick slip amplitude vs. time of test for graphite on cast iron 
surface finish II, 0.08 rad/s drive speed, 6.6 Hz frequency, 
oil contaminated.
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CHAPTER 7 GENERAL DISCUSSION
7.1 Unlubricated Stick Slip
The original objective of this project was to produce a simple 
relationship concerning the stability of stick slip motion due 
to the viscous damping found in transfer lubrication. It follows
then that any dynamic friction model needed to be simple and\
amenable to analysis. Two linearised models were therefore 
considered, a lower bound one suggested by Blok (6) and a 
discontinuous negative damping concept postulated by Bell and 
Burdekin (11). Corresponding stability relationships based upon 
the introduction of a viscous damper were thus developed.
Prior to the experimental programme to examine the effects of 
transfer lubrication upon stick slip, therefore, it was necessary 
to ascertain which of the two linearised models more closely 
represented the dynamic friction characteristic of unlubricated 
cast iron and mild steel.
All of the friction force slip velocity oscilloscope 
photographs in chapter 4 indicate the two materials utilised 
to have dynamic friction characteristics some way between the 
two models used and this is borne out by the various properties 
of stick slip used for comparison.
Figs. 4.4, 5, 12 and 13 show experimental and theoretical com­
parisons of the acceleration period, which is the critical property 
since both models utilise a constant deceleration force. The 
experimental values of acceleration period (wit2) for steel on
for steel on steel (fig. 4.4 and 4.5) are seen to lie between 
dimensionless values of 2.4 and 2.9 whereas the upper bound 
(negative damping) model predicts values in excess of 3.142 and 
the lower bound (Blok) model predicts values in excess of 1.57.
The range of error for the predictions of the negative damping 
model theory is +27.51 to +12%^and for the Blok model -701 
to -171 deviation between predicted and experimental values
''vis seen.
Similarly for the cast iron results, the upper bound theory 
predicts Wxt2values between 121 and 351 greater than experiment, 
and the lower bound theory predicts Wit2values 1% to 401 less than 
found experimentally (see figs 4.12 and 13).
For the deceleration time period (wjt3) the negative damping 
model theory shows good agreement with experimental results for botl 
materials used (figs. 4.7 and 15). This is not so for the Blok 
model theory (figs. 4.6 and 14) where the experimental results 
show positive and negative error compared to theory.
These two properties combined produce the normalised slip 
frequency relationships of figs. 4.8, 9, 16 and 17. As would 
be expected from the foregoing results the experimental slip 
frequencies lie between the theoretical predictions of the two 
theories for both materials used.
For steel on steel the negative damping theory predicts slip 
frequencies between 4% and 17% less than practical results, 
the Blok theory overpredicting by 7% to 40% (figs. 4.8 and 4.9).
Similarly, figs. 4.16 and 17 indicate a prediction between 2% and 
201 less than experimental results for negative damping model, 
cast iron on cast iron and an 8% to 45% overprediction for the 
Blok model theory.
More significant perhaps is the general distribution of the 
experimental points rather than their percentage error from 
theory. In all cases)for the negative damping model theory, 
although deviation from theory undoubtedly exists, the distri­
bution of the experimental results follows generally the shape of 
the theoretical line. In the case of the Blok model however the 
correlation between theory and experiment deviates considerably 
from point to point.
Considering now the maximum slip velocity as a function of drive 
velocity as shown in fig. 4.10, 11, 18 and 19. For the steel 
on steel results (figs. 5.10 and 11) the Blok model theoretical 
predictions show close agreement with experimental values 
compared with the negative damping model theory. Reasonable 
agreement occurs between the latter theory and experimental results 
at values of Ci less than 0.4 but deviation occurs for values of Ci 
greater than 0.4. The experimental slip valocities in this 
region are generally greater than those predicted by the 
negative damping theory.
For the cast iron results however (figs. 4.18 and 19) neither 
theory suggests itself as the more accurate in predicting 
maximum slip velocities. Isolated deviations from theory for
both models can be observed in the graphs but the main body 
of the results conforms reasonably to the theoretical predictions 
of both theories.
Therefore, the negative damping model is seen to be more accurate 
than the Blok model in representing the dynamic friction 
characteristic of mild steel and cast iron. Further exploration 
of this property, i.e. the dynamic gradient, was then under­
taken by plotting experimental results in such a way as to 
examine the variation of dynamic gradient with system parameters. 
The tabular results of appendix I indicate little effect on 
dynamic gradient, of surface finish of the disc, and figs. 4.20 
and 21 show the effect of normal load, system frequency and 
drive speed for surface finish values I, II and III. The first 
significant point to emerge from these results is the general 
constancy of the dynamic gradient values for drive speeds in 
excess of 0.1 rad/s (5 mm/s). For drive speeds slower than 
this, the dynamic gradient increases significantly for both 
cast iron and steel junctions. This coincides with results 
obtained by Burdekin and Bell (15) on a cast iron machine tool 
table, the increase in dynamic gradient occuring at speeds 
below 0.2 in/sec drive velocity.
The graphs of figs. 4.22 to 26 were constructed to enable the 
development of an empirical relationship between dynamic 
gradient and system parameters. The expressions serve to 
indicate the trend of dynamic gradient for variations in system 
parameters. Although the numerical values of dynamic gradient
for cast iron are lower than those of steel (hence making cast 
iron a better proposition for non-stick slip applications), 
the variation with system parameters is very similar for both 
materials. Both materials exhibit a dynamic gradient directly 
proportional to (KJ)0*1*, although since spring stiffness only 
was varied then this is the real relationship. Also 
proportionality to drive speed of the form
^/(normal load)®
(drive speed)
exists where A = 0.45 for cast iron and 0.3S for steel;
*B = 0.2 for cast iron and 0.16 for steel. This relationship is
close enough to be considered the same for both materials.
The deviation between the two relationships lies in the propor-
rtionality of dynamic gradient to (normal load) . For cast 
iron the value of C is 0.25, for mild steel C is 0.2. From 
these relationships, therefore, an indication of the variation 
dynamic C gradient is possible. Increase in dynamic gradient 
will ensue from an increase in normal load or spring stiffness
or a decrease in drive velocity.
7.2 Transfer Lubricant Results
The theoretical stability relationships developed in section 
2 suggest the mechanism of transfer, lubrication to be two­
fold. Dry lubricant, transferred to the metal friction junction, 
modifies that junction dynamic friction characteristic, whilst 
the dry lubricant compact, by contact with the metal disc, 
provides a viscous action, further contributing to the stick 
slip amplitude reduction. Whichever of the two linearised 
dynamic friction models is representative of the metal junction,
the positive viscous damping effect is theoretically indispensable 
in the process of stick slip elimination. Therefore, it was 
necessary to have a measure of the dry lubricant dynamic char­
acteristic throughout the transfer lubricant tests. Literature 
survey and preliminary measurements indicated a kinetic friction 
force.higher than static and increasing with sliding velocity, 
making the determination of lubricant dynamic friction 
characteristics impossible using the same technique as that to 
obtain the metal dynamic friction characteristics. Based upon 
the steady state measurements by Hemingray (17) and Lewis (25) 
a coulomb plus positive viscous damping model was suggested 
for the dry lubricant dynamic friction characteristics.
Amplitude response traces for an initial displacement of the 
disc subjected to dry lubricant loading enabled the components 
to be separated as shown in figs. 5.6 to 9. Dry lubricant 
measurements taken concurrently with modified metal junction 
characteristic measurements are presented in total, as a guide 
to the variation of dry lubricant properties with system 
parameters. Figs. 5.10 to 5.17 show both viscous and coulomb 
damping values to increase directly with normal load for all 
metal and lubricant combinations. It is impossible to dis­
tinguish the variationojcoulomb damping due to surface finish, 
but the viscous component follows a definite trend. For both 
ptfe on steel and graphite on cast iron, surface finish II 
provides the highest viscous damping levels, with the ptfe on 
steel values the higher of the two.
In order to assess the validity of the dry lubricant properties 
some comparison with previously published data is desirable.
Thus the results of fig. 5.13 and 5.17 were converted to 
dynamic friction coefficients for comparison with the steady state 
results of refs. 17, 25 and 28. The coulomb damping components of 
figs. 5.13 and 17 are compared with steady state friction co­
efficients determined by O ’Rourke for drive speeds of 0.01 m/s. 
Whilst exact correlation is not evident, nor would be anticipated, 
the general trend of the results is satisfactory. Similarly the 
variation of steady state friction coefficient with sliding 
velocity found by Hemingray and Lewis is compared with dynamic 
friction coefficients obtained from the coulomb and viscous 
damping results of fig. 5.13. This comparison shows the dynamic 
friction coefficients at zero velocity to be higher than those of 
the steady state results, the linearised slope of the dynamic 
model comparing favourably with steady state variations with 
sliding speed. Hence reasonable confirmation is provided for 
the toulomb and viscous components of dry lubricant dynamic damping 
determined in the circumstances of stick slip elimination.
The tables of fig. 5.2, 3 and 4 summarise the effectiveness of 
the transfer lubrication technique in eliminating stick slip 
vibrations. Generally, the graphite on cast iron and ptfe 
on steel combinations showed more success than graphite on steel 
and ptfe on cast iron. All the tests conducted with graphite 
on cast iron succeeded in eliminating the vibrations, those with 
ptfe on steel being also successful, apart from tests involving 
surface finish I at the higher normal loads (90N, 120N and 150N). 
Some success was found with graphite on steel and ptfe on cast 
iron, but mainly for high drive velocity and high, system
frequency conditions. This would be anticipated, since these 
conditions tend to produce low amplitude vibrations in an un- 
lubricated situation. For the low frequency low drive velocity 
conditions using ptfe on cast iron and graphite on steel no 
stick slip elimination was achieved.
Stability graphs representing modified metal dynamic friction 
characteristics against the positive viscous damping coefficient 
provided by the transfer lubricant are shown in figs. 5.22 to 
33. Both theoretical relationships are used to assess the 
accuracy of each in predicting stability. Each graph contains 
results, both successful and unsuccessful in eliminating stick 
slip for normal loads up to 52N which was the limiting load 
of dry lubricant, viscous and coulomb damping determination.
From these graphs it can be seen that the negative damping 
model theory provides better stability predictions than the 
Blok model theory. The results plotted on the basis of the 
former theory also distinguish between successful and 
unsuccessful stick slip elimination, which is not so in the 
case of the latter theory. The negative damping theory does 
contain inaccuracies however, predicting damping values from 
101 to 100% greater than those found necessary to eliminate 
vibrations experimentally. The accuracy of the Blok model 
theory is very limited and varies for different values of ip.
For high values of ip, viscous damping predictions 100% 
greater than experimental are observed (e.g. graphite on 
cast iron, surface finish II, 0.2 rad/s drive speed, 36N 
normal load, fig. 5.25). At low values of ij; predictions of
7 times the actual viscous damping values found in practice 
can be seen (graphite on cast iron, surface finish I, 0.08 rad/s 
drive speed, 48N normal load, fig. 5.26).
A recent analog simulation by Cockerham and Cole (29) examined 
the stability relationship brought about by the action of 
viscous damping upon stick-slip vibrations induced by non-linear 
dynamic friction characteristics. Blok and negative damping 
linearised theories were used to present the results, which 
indicate three distinct stability donditions. The first 
condition is brought about by viscous damping sufficient to 
cause the slip velocity to continuously decay to the system 
drive velocity; the second occurs when additional damping 
produces one slip velocity oscillation reducing to drive velocity 
and the third condition is produced when the slip velocity im­
mediately attains the drive velocity of the system. The 
experimental stability relationships of 5.22 to 3 3 .show close 
proximity to the first condition of stability found in figs. 8 
and 9 of the above paper.
The results of figs. 5.34 and 35 demonstrate the point at 
which stick slip elimination occurs,to be a function of distance 
rather than time. Results taken for drive speeds where the metal 
to metal dynamic gradient is constant indicate also that the 
lubricant and metal combination exhibiting the highest viscous 
damping eliminates stick slip in the shortest distance. Wear 
test results shown in figs. 5.36 and 37 indicate the volume wear 
of the dry lubricant to be a function of sliding distance and 
directly proportional to normal load. This suggests that the
reduction of the metal dynamic friction characteristic is 
dependent upon the volume of dry lubricant transferred to the 
metal junction. Further tests examining the effect of increasing 
the stick slip junction normal load relative to the dry 
lubricant normal load demonstrated the limiting load ratio at 
which stick slip elimination will not take place. This failure 
to eliminate vibrations is probably due to the metal friction 
normal pressure causing plastic deformation of the asperities 
at the stick slip junction, thus denying access of the 
transferred lubricant to that junction.
The effect of oil contamination upon the effectiveness of 
transfer lubrication is outlined in chapter 6. Tests performed 
with the same system parameters which had produced vibration 
elimination under chemically clean conditions, showed graphite 
upon cast iron to be effective in producing stability with 
Shell Tellus 33 oil contamination (fig. 6.1). This was not so 
for ptfe on steel however, which showed very little reduction 
in stick-slip amplitude (fig. 6.2). Of the two factors contri­
buting to the mechanism of stick-slip elimination figs. 6.3 and 6.4 
demonstrate the reduction of the metal friction characteristic as 
opposed to the viscous damping of the dry lubricant to be 
adversely affected by the oil contamination. This is confirmed 
by the volume wear tests of fig. 6.5 which show considerable 
reduction in wear of ptfe on steel with oil contamination 
compared with the non-contaminated tests of fig. 5.37. A transfer 
lubricant compact made from V e s p e l 1 proved to be an adequate 
substitute for the ptfe, causing stick slip stability in the oil 
contaminated steel tests as indicated in figs. 6.7 and 8.
CONCLUSIONS
Transfer lubrication has been shown to be successful in elimi­
nating stick slip vibrations, particularly for p.t.f.e. lub­
ricating a steel junction and graphite transferred to a cast 
iron junction. However, for graphite on steel and p.t.f.e. on 
isolated successes were observed but, in general stick slip 
vibrations were not eliminated. For the combinations of lub­
ricant and metal junction successful in producing stability 
a limiting ratio of stick slip junction normal load to dry 
lubricant normal load was definable. In the presence of oil 
as a contaminant, p.t.f.e. on steel failed to induce stability, 
but the action of graphite acting on cast iron was not unduly 
affected. The use of ’Vespel’-as a lubricant acting on steel 
was found to be successful in eliminating stick slip vibra­
tions.
Comparison of the experimental results with two theories 
based upon linearised unlubricated dynamic friction models 
showed a better correlation with the negative damping model 
theory than the Blok model theory. In addition the stability 
criterion based upon the metal to metal characteristic being 
modified by transferred lubricant together with the viscous 
damping effects of the transfer lubricant also proved more 
accurate using the negative damping dynamic friction model 
than the Blok model.
Dynamic viscous damping levels for p.t.f.e. on cast iron and
steel obtained from a coulomb plus viscous friction model 
compare favourably with steady state results obtained by 
Hemingray (17) and Lewis (25).
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APPENDIX I : UNLUBRICATED STICK SLIP - TABLES OF RESULTS
Cast iron on cast iron
System frequency =13.7 Hz normal'load = 60N;
Surface finish II drive speed = 0.55 rad/s
time
test
number TS(Nm) TK(Nm)
•
®max(r/s)
CF
(Nrn/rad/ Wjt2 
s) (rad)
Wlt3
(rad)
Vibn.
Amp.
• (rad)
1 0.91 0.76 0.61 0.245 2.6 1.95 0.01
% min 2 0.89 0.68 0.75 0.278 2.55 1.9 0.012
3
1 1.52 1.25 1.28 0.214 2.6 1.95 0.02
2 min 2 1.11 0.76 1.15 0.216 2.65 1.9 0.019
3 -
1 1.12 0.80 1.42 0.217 2.65 1.95 ' 0.021
4 min 2 1.49 1.22 1.27 0.214 2.65 . 1.95 0.017
3
.* 1 1.45 1.09 1.62 0.22 2.65 1.95 0.023
14 min 2 1.43 1.11 1.53 0.21 2.6 1.95 0.021
3
• 1
2 i
3
• 1
2
3
Cast iron on cast iron
System frequency = 6.6Hz Normal load = 20N
Surface1 finish II Drive speed = 0.08rad/s
time
test
number •TS(Nm) TK(Nm)
•
®max(r/s)
CF(Nm/rad Wit2 
/s) (radj
Wlt3'
(rad)
Vibn.
Amp.
*(rad)
1 0.304 0.233 0.42 0.17 2.8 1.95 0.017
1 min 2 0.464 0.412 0.39 0.135 2.75 1.95 0.012
3
1 0.71 0.61 0.78 0.127 2.8 1.9 0.025
3 min 2 0.68 0.59 0.765 0.122 2.75 1.95 0.022
3 ■ -
1 0.63 0.53 0.8 0.126 2.75 1.95 - 0.024
5 min 2 0.49 0.395 0.74 0.128 2.8 2.0 0.023
3
i
2
.
3
• 1
2
3 -
• 1 -
2
•7o

Cast iron on cast iron
System frequency = 6 .GHz normai load = 20N
Surface finish II drive speed = 0.02rad/s
time
test
•number . TS(Nm) TK(Nm)
•
®maxO/s)
CF(Nm/rad
/s) (rad)
Wj 1 3
(rad)
Vibn.
Amp.
• (rad)
1 0.304 0.236 0.56 0.19 I 2.75 1.85 0.015
\ min 2 0.315 0.224 0.42 0.215 2.75 1 . 8 0 . 0 2
3
1 0.742 0.64 0.61 0.172 2 . 8 1 . 8 0.024
2 min 2 0.784 0 . 6 8 0.586 0.178 2.75 1.85 0.028
3
-
1 •
2
3
■ 1 0 . 8 0.69 0 . 6 0.176 2.75 1.85 0.028
6 min 2 0.75' 0.65 0.58 0.174 2.75 1 . 8 0.027
3
- 1
2
3 -
•
1 •
2
3

Cast iron on cast iron
System frequency =•■ 6.6Hz Normal Load = 20N
Surface Finish I Drive speed = 0.02rad/s
time
test
number TS(Nm> TK(Nm)
Cp
§max (Nm/rad wit2 
07 s) /s) (rad)
Wit3-
(rad)
Vibn.
Amp.(rad)
1 0.52 0.43 0746 0.2 2.65 1.9 0.021
1 min 2 0.37 0.29 0.43 0.19 2.65 1.95 0.019
3
1 0.73 0.62 0.625 0.177 2.6 1.9 0.027
2 min 2 0.62 0.505 0.64 0.172 2.6 1.95 0.029
3 -
1 0.9 0.79 0.63 0.176 2.65 1.95 . 0.028
4 min 2 1-.0 0.89 0.65 0.175 2.6 .1.95 0.028
3
• 1
2
3
• 1
2
3 -
• 1 .
2
5

Cast iron on cast iron
System frequency = 6.6Hz Normal load = ION
Surface finish I Drive speed = 0.02rad/s
time
test
.number :TS(Nm) TK(Nm)
■fi°max(r/s)
C-
CNm/rad/ Wit2 
s) (rad)
Wit 3
(rad)
Vibn.
Amp.
•(rad)
1 0.21 0.16 0.24 0.21 2.7 ] 1.9 0.012
\ min 2 0.17 0.125 0.25 0.18 2.65 1.85 0.011
3
1 0.27 0.213 0.36 0.157 2.7 1.95 0.014
2 min 2 0.295 0.240 0.34 0.164 2.65 1.9 0.015
3 -
1 0.337 0.277 0.374 0.159 2.65 1.85 - 0.014
4^ min 2 0.312 0.256 0.35 0.161 2.6 1.9 0.014
3
• 1
2
3
* 1
2
3 -
• 1 •
2
3
steel on steel •
i
system frequency 10Hz normal load 60N 
surface finish. I drive speed 0.08 rad/s
CF . Vibn.
(Nm/rad/ wjt2 wit3- Amp..
J (rad) (rad) (rad)
test
time number . TS(Nm) TK(Nm) (r/s) s)
' max
2.15 1.87 0.98 0.285 2.55 1.95 0.034
0 min 2.92 2.62 1.12 0.265 2.65 0.032
2.62 2.33 1.06 0.268 2.70 0.038
2 min 2.32 2.04 1.02 2.65 1.85 0.035
2.SS 2.27 1.04 0.27 2.65 0.056
5 min 2.65 2.38 1.00 0.272 1.95 0.039

Cast iron on cast iron
System frequency =, 6.6Hz Normal load = 20N
Surface finish III Drive speed = 0.02rad/s
time
test
number TS(Nm) TK(Nm)
•
®max(r/s)
cF(Nm/rad/ \v1t2 " 
s) (rad)
Wit 3 
(rad)
Vibn.
Amp..(rad)
1 0.53 0.45 0.35 0.22 2.6' 1.95 0.018
\ min 2 0.54 0.48 0.295 0.205 2.6 1.9 0.014
3
1 0.88 0.77 0.63 0.175 2.65 1.9 0.026
2 min 2 0.72 0.613 0.61 0.176 2.65 1.9 0.025
3 -
1 0.85 0.74 0.622 0.177 2.65 1.95 ' 0.028
4 min 2 0.78 0.67 0.619 0.174 2.65 1.9 0.026
3
■ 1
2
3
- 1
2
3 -
■
1 ‘
2
3
Cast iron on cast iron
System frequency = 6.0Hz iNormal ioad = 120j \ t
Surface finish 20CLA Drive speed = 0.08rad/s
time
test
.number . TS (Nm) TK(Nm)
A°max(r/s)
CF . (Nm/rad/ v^ t?. 
s) (rad)
W11-3
(rad)
Vibn.
Amp.
•(rad)
1 3.22 2.67. j 2.62 0.21 2.7 1.9 0.12
\ min 2 2.14 1.77 1.94 0.19 2.7 1.85 0.09
r$
1 2.56 2.23 2,04 0.16 2.65 1.9 0.08
5 min 2 2.84 2.5 2.1 0.162 2.7 1.9 0.094
3 -
1 2.90 2.56 2.16 0.16 2.6 1.95 . 0.085
10 min 2 2.83 2.5 2.04 0.159 2.6 2.05 0.075
3
• 1
2
3
• 1 •
2
3 -
• 1 .
2
3 |

Cast iron on cast iron
System frequency ~ 13.7Hz Normal load = 120N
Surface finish II Drive speed = 0.5rad/s
time
test
•number :TS (Nm) TK (Nm)
•
®max(r/s)
CF(Nm/rad/ wit2 
s) (rad)
Wit3
(rad)
Vibn.
Amp.
•(rad)
1 2.64 2.13 1.95 0.26 2.65 1.95 0.028
0 min 2 2.46 2.05 1.74 0.235 2.6 1.95 0.021
3
1 3.05 2.52 2.4 ' 0.22 2.6 2.05 0.032
1 min 2 2.57 2.13 2.19 0.2 2.6 2.0 0.030
3 -
i
1 3.32 2.8 2.46 0.214 2.65 1.95 - 0.031
3 min 2 2.88 2.4 2.32 0.207 2.65 2.0 0.029
3
• 1
2
3
> 1
..... 1
2
i
3
•
1 *
2
3

Cast iron on cast iron
System frequency =; 13.7Hz Normal load *- ION 
Surface finish I Drive speed = 0.2rad/s
time
test
number :TS(Nm) TK (Nm)
•
®max(r/s)
CF(Nm/rad/ wits 
s) (rad)
Wlt-3
(rad)
Vibn.
Amp.
•(rad)
1 0.32 0.24 0.40 0.20 2.65 1.35
J
0.006
% min 2 0.21 0.17 0.23 0.174 2.6 1.95 0.01
3
1 0.242 0.18 0.36 0.173 2.65 1.95 0.006
2 min 2 0.216 0.158 0.324 0.177 2.75 1.95 0.008
3 -
1 0.305. 0.244 0.35 0.172 2.75 1.95 . 0.01
5 min 2 0.284 0.275 0.335 0.176 2.65 1.95 0.01
3
• .1
2
!
3
• 1
2
3
1
-
• 1 . • i
2
3

Cast iron on cast iron
System frequency =• 6.6Hz Normal load = 120N
Surface finish III Drive speed = 0.02rad/s
time
test
number :TS (Nm)- TK (Nm)
•
®max(r/s)
Cp(Nm/rad/ 
s) (rad)
Wl 1 3
(rad)
Vibn.
Amp,
(rad)
1 2.32 2.00 1.32 0.24 2.8 1.7 0.08
1 min 2 2.84 2.52 1.36 0.235 2.85 1.7 0.08
3
1 3.65 3.32 1.56- 0.209 2.8 1.85 0.085
2% min 2 3.73 3.45 1.48 0.202 | 2.85 1.75 0.07
3 -
1 3.61 3.25 1.64 0.207 2.85 1.75 - 0.09
4% min 2 3.27 2.97 1.42 0.205 2.85 1.8 0.08
3
> 1
2
3
• 1
2
3 -
• 1 .
2
3
)

Cast iron on cast iron
System frequency = 6.6Hz Normal load = 60N
Surface finish II Drive speed = 0.2rad/s
time
test
•number • TS (Nm) TK(Nm)
•
®max(r/s)
Cf(Nm/rad/ Wit2 
s) (rad)
wxt3
(rad)
Vibn.
Amp.• (ra*d)
1 1.11 0.96 0.88 0.17 2.6 1.95 0.055
h min 2 0.86 0.62 1.14 0.21 2.6 1.95 0.088
3
1 0.97 0.78 1.02 0.19 2.6 1.95 0.07
1 min 2 0.92 0.68 1.5 0.16 2.55 1.95 0.088
3
-
1 2.01 1.69 2.56 0.135 2.65 1.95 ' 0.117
2h min 2 .1.71 1.40 2.21 0.139 2.65 1.95 0.118
3
• 1 2.02 1.69 2.38 0.138 2.9 . 1.9 0.128
6 min 2 1.82 1.52 2.18 0.136 2.8 1.95 0.143
3
• 1 .  . . .  _ J
2
3
•
1 *
2
3

Cast iron on cast iron
System frequency = 10Hz Normal load = 20N
Surface finish III Drive speed = 0.08rad/s
time
test
number TS (Nm). TK(Nm)
cp /Bmax (Nm/rad/ «it2 
(r/s) s) (rad)
wit 3 
(rad)
Vibn.
Amp.
(rad)
1 0.63 0.54 0.35 0.26 2.35 2.05 0.015
\ min 2 0.52 0.44 0.33 0.24 . 2.65 1.95 0.01
3
1 0.82 0.72 0.52 0.195 2.6 1.95 0.013
3 min 2 0.63 0.54 0.463 0.193 2.65 1.9 0.012
3 • -
„ - - !
1 0.93 0.82 0.54 0.196 2.6 1.9
I
0.012 j
9 min 2 0.71 Oc 61 0.49 0.199 2.65 1.9 0,011 1
3
• 1
2
3
• 1 •
2
3
• 1 .
2
3
Cast iron on cast iron
System frequency - lOMz Normal load = 120N
Surface finish III Drive speed = 0.5rad/s
Cp . Vibn.
test 6max (Nm/rad/ wxt2 wit3 Amp.
(rad)  ^ (rad) ‘(rad) 
2.7 1.95 0.04
time number -TSfNni) TK(Nm) (r/s)
0.21
0.0451.952.65
0.062.02.650.176
0.052.65
1.950.1742.91
0.0452,650.177

Cast iron on cast iron
System frequency =< 13.7Hz Normal load = 20N
Surface finish II Drive speed = 0.02rad/s
Cp Vibn.
test 6max (Nm/rad/ wit2 wit2 Amp.
time number :TS(Nm) TK(Nm) (r/s) s) (rad) (rad) (rad)
1 min
1 0,38 0.30 0.25 0.31 2.65 1.9 0.006
2 0.53 0.41 0.29 0.42 2.65 1.85 0.01
3
4 min
1 0.82 0.70 0.41 0.282 2.65 1.85 0.01
2 0.63 0.523 0.37 0.288 2.6 1.9 0.008
3
-
10 min
1 1.02 0.89 0.46 0.284 2.6 1.95 * 0.011
2 0.69 0.58 0.39 0.29 2.6 1.90 0.006
3 0.74 0.62 0.44 0.28 2.65 1.85 0.008
•
«
—

Cast iron on cast iron
System frequency = 10Hz Normal load =• ION
Surface finish I Drive speed = 0,02rad/s
Cp Vibn.
test 0max (Nm/rad/ Wi_t2‘ wit3 Amp.
time number TS(Nm) TK(Nm) (r/s) s) (rad) (rad) ,(raa)
0.0063.00.310.150.216
0.010.26 3.00.220.2451 min 0.302
0.011,852.900.230.260.2460.306
0.010.220,234 min
0.011.850.225 2.950.240.263D-x-317.
0.0060.22850.2160.2420.29110 min

Cast iron on cast iron
System frequency 5= 6 .6Hz Normal load = 60N
Surface finish II Drive speed = 0.02rad/s
time
test
.number . TS(Nm) TK(Nm)
•
®max(r/s)
CF(Nm/rad/ Wit2 
s) (rad)
Wit3
(rad)
Vibn.
Amp..(rad)
1 1.32 1.12 0.71 0.28 2,65 1.75 0.07
\ min 2 1.01 0.88 0.51 0.263 2.65 1.75 0.047
3
1 1.21 1.02 0.73 0.26 2.65 1.7 0.07
1\ min 2 0.87 0.69 0.71 0.253 2.65 1.7 0.062
3
-
1 2.07 1.84 1.13 0.202 2.75 1.7 * 0.086
3 min 2 1.77 1.57 0.99 0.199 2.65 1.75 0.078
3
- 1 2.18 1.94 1.19 0.2 2.65 1.75 0.088
6 min 2 1.84 ' 1.62 1.06 0.205 2.65 1.75 0.081
3
• 1
2
3
•
1 ‘
2
3 ?

Cast iron on cast iron
System frequency = 6.6Hz Normal load = 60N
Surface finish III Drive speed = 0.02rad/s
time
test
lumber. •TSfNnO TK(Nm)
*
®max(r/s)
CF
(Nm/rad/ v/^ 
s) . (:rad)
Wit 3
(rad)
Vibn.
Amp.
*(rad)
1 1.01 0.82 0.77 0.27 2.75 1.75 0.03
k min 2 0.83 0.66 0.65 0.261 2.75 1.75 0.048
3
1 1.33 1.11 0.92 0.24 2.75 1.75 0.08
1*2 min 2 1.52 1.33 0.71 0.27 2.75 1.75 0.07
3 -
1 2.02 1.68 1.67 0.202 2.75 1.75 0.121
4% min 2 1.51 1.24 1.41 0.198 2.75 1.7 0.1
3
• - 1 1.72 1.4 1.58 0.20 2.7 - 1.75 0.115
15 min 2 1.55 1.25 1.51 0.199 2.75 1.75 0.11
3
- 1
2
3 .
•
1
2
5 1l

Cast iron on cast iron
System frequency = 10Hz Normal load - 60N
Surface finish II Drive speed = 0.02rad/s
time
test
number TSTNm) TKfNml
ft^maxfr/s)
CF
(Nm/rad/ Wit2 
s') (radl
Wit 3 
(rad)
Vibn.
Amp.‘(rad)
1 0.72 0.48 0.65 0.37 2.9 1.9 0.03
1 min 2 0.58 0.39 0.61 0.31 . 2.95 1.9 0.025
3
1 2.16 1.81 1.35 0.252 2. S 1.8 0.043
4 min 2 1.75 1.42 1.27 0.258 2.75 1.85 0.04
3 • -
1 1.82 1.49 1.3 0.253 2.85 1,85 0.04
15 min 2 1.72 1.4 1.26 0.256 2.8 1.85 0.04
3 |
■ - 1
2
3
- 1 •
2
3 -
•
1 •
2
3 ) 1ii.....I.,...

Cast iron on cast iron
System frequency =? 10Hz Norma] load = 20N
Surface finish II Drive speed = 0.35 rad/s
time test.number .TS (Nm) TK (Nm)
•®max(r/s)
CF(Nm/rad/ v?it2 s) (rad) Wit-3(rad)
Vibn.
Amp.•(rad)
1 0.52 0.44 0.47 0.17 2.6 1.95 0.09
k min 2 0.46 0.37 0.58 0.154 2.65 1.95 0.01
3
1 0.74 0.622 0.86 0.137 2.75 1.95 0.014
1% min 2 0.63 0.528 0.78 0.139 n  7A- • / 2.0 0.011
ryD
■ -
1 0.78 0.65 0.92 0.136 2.7 1.95 * 0.014
6 min 2 0.78 0.67 0.81 0.134 2.7 2.0 0.012
3
■- . 1
2
3
■ 1
2
D - -
•
1 * . 1
2
3
i

Cast iron on cast iron
System frequency =f 6.6Hz Normal load = 120N
Surface finish I Drive speed = 0.02rad/s
Cp Vibn.
test ®max (Nm/rad/ wit2* wit3 Amp.
time .number . TS(Nm) TK(Nm) (r/s) s) (rad) (rad) »(rad)
k min
1 3.3 2,93 1.46 0.26 2.95 1.95 0.10
2 1.73 1.35 2.0 0.185 2.9 1.95 0.09
3
3 min
1 3.02 2.67 1.77 0.2 2.95 1.9 0.083
2 2.82 2.43 1.85 0.21 2.9 1.9
.
0.09 
----,---
3 .
5 min
1 3.16 2.78 1.82 0.204 2.95 1.85 . 0.1
2 3.62 2.63 1.87 0,206 2.9 1.9 0.075
3
1
2
3
1
2
3 -
1 .
2
3
;

steel on steel
t ♦
system frequency = 6.6Hz normal load = 20N 
surface finish.II drive speed = 0.02 rad/s
9 CF Vibn.
test • max (Nm/rad/ Wit2 . wxt.3 Amp.
time number TS(Nm) TK(Nm) (r/s) s) (rad) (rad) .(rad)
0.92 0.72. 0.165 0.0321.04
2.05 0.0280.645 0.1950.600.73mm
0.66 0.205 0.030.825 0.69
2 min 0.667 0.645 0.198 2.35 0.02S0.795
2.0 0.0290.680.947 0.811
3 min 0.78 0.655 0.206 2.45 0.0350.916

steel on steel
;
system frequency = 6.6Hz normal load = 20N 
surface finish.I drive speed = 0.2rad/s*
• CF Vibn.
test max (Nm/rad/ Wit2 wit-s Amp.
(rad) (rad) • (rad)time . number, TS(Nm) TK(Nm) (r/s) s)
0.041.950.1150.881.02
0.0560.622 0.94 0.1360.75m m
0.0421.950.130.933 0.805 0.98
0.0381.850.132 2.350.845 0.72 0. 943 min
0.0440.132 2.350.980.893 0.765
6 min 0.041.85-0.933 0.80 1.04 0.128

steel on steel
system frequency = 6.6Hz normal load = 60N
#
surface finish II drive speed = 0.08rad/s
• CF Vibn.
test ' max (Nm/rad/ Wit2 Wit-3 Amp.
time .number . TS(Nm) TK(Nm) (r/s) s) (rad) (rad) -(rad)
0.082.02.251.74 0.1652.16
0.0722.251.52 0.1741 min 1.57
0.0922.46 2.11 0.187 2.35
4 min 0.0960.192 2.352.63
0.0850.1891.94 1.662.25
min 0. OSS2.351.88 0.192•2.46

steel on’steel
t
system frequency = 6.6Hz normal load = 60N
4surface finish.I drive speed = 0.5rad/s
time
test 
. riumbei
t
\ TS(Nm) TK(Nm
•. emax
(r/s)
CF
(Nm/rad/ Wit2 
s) (rad)
Wlt-3
(rad)
Vibn.
Amp,
•(rad)
1 1.73 1.34 2.45 0.16 2.2 2.1 0.095
\ min 2 1.83 1.56 2.55 0.125 2.25 2.1 0.088
3
1 2.16 1.76 2.98 0.135 2.25 2.10' 0.098
2 min 2 2.63 2.24 2.83 0.138 2.25 1.95 0.102
3 -
1 2.33 1.92 2.99 0.137 2.2 2.1 • 0.095
5 min 2 2.45 2.06 2.83 0.157 2.25 2.05 0.090
3
1
2 | ■
3
]
• 1
2
3 • . i
•
1 •
2 *
..... . 3 __ •
i
steel on.steel
system frequency = 13.7Hz normal load = ION
4surface finish-II drive speed = 0.2rad/s
9 CF Vibn.test max (Nm/rad/ w2t2 Wit3- Amp.
time .number . TSfNm-) TK(Nm) (r/s) s) (rad) (rad) *(rad)
0.0082.050.47 0.160.52 0.44
0.0080.314 2.451 min 0.38 0.36 0.184
0.0102.050.42 0.1850.3820.46
3 min 0.0102.050.1820.442 0.395
0.010.47 0.39 0.44 0.184
0.0110.38 0.415 0.1860.4556 min

steel on steel
i
system frequency = 10Hz normal load ION
surface finish.II dirve speed 0.08rad/sJ
g CF Vibn.
test ’ • max (Nm/rad/ wit2 wit-3 Aran,
time .number : TS(Nm) TK(Nm) (r/s) s) (rad) (rad) • (rad)
1 min
1 0.44 0.37 0.41 0.175 2.4 2.0
■'...... ]
0.01
2 0.325 0.255 0.385 0.18. 2.45 2.0 0.008
3
3 min
1 0.465 0.38 0.43 0.192 2.45 2.0 0.012
2 0.392 0.316 0.405 0.188 2.5 2.0 0.01
3 •
8 min
0.44 0.36 0.425 0.19 2.45 2.0 * 0.01
2 0.465 0.38 0.45 0.188 2.45 2.0 0.01
3
_ 1
2
3
1 I
2
j
3 •
1 .
2
3 •

steel on steel •I ,
system frequency 10Hz normal load = 20N 
surface finish.Ill drive speed 0.2rad/s4
£ CF " Vibn.
test • max (Nm/rad/ wit2*- v/it-3 Amp.
time . number. TS(Nm) TK(Nm) (r/s) s) (rad) (rad) .(rad)
0.63 0.565 0.475 0.135 0.01
0.0120.41 0.42 0.1750.48 2.55 1.951 min
0.0140.94 0.81 0.73 0.178 1.952.55
0.0120.7140.82 0.696 0.181 1.95
0.0142.55 1.950.755 0.1780.96 0.825
7 min 0.010.735 0.72 0.180.865

steel on steel
I ;system frequency 13.7Hz normal load 20N 
surface finish II drive speed 0.35 rad/s'
' g CF - Vibn.
test ' max (Nm/rad/ witz wit.3 Amp.
time t number TS(Nm) TK(Nm) (r/s) s) (rad) (rad) . (rad)
0.0080.715 2.650.86 0.1750.99
0.0082.65 2.150.695 0.1955 m m 0.74 0.6
0.010.822 0.69 0.175 2.650.943
0.010.356 0.715 0.18 2.150.9653 min
0.010.177 2.650.75 0.6950.875
5 min 0.012.150.82 0.1750.95
APPENDIX II : TRANSFER LUBRICANT DYNAMIC FRICTION 
COMPONENTS - TABLES OF RESULTS
Transfer lubricant'characteristics
P.T.F.E. on mild steel
system frequency = 6.6 Hz normal load - 43N 
surface finish I
time (min) | min 7 min
test number 1 2 3 1 2 3 1 2 3
1 0.362 0.346 0.383 0.371 •
2 0.222 0.212 0.246 0.237
Successive ^ 0.114 0.108 0.136 0.129
peak
amplitudes 4 0.03 0.028 0,045 0.044 •(rad)
5
6
7 i
8
9
10
D 0.25 0.25 0.3 0.3
C (Nm/rad/s) 0.022 0.021 0.021 0.021
T (Nm) 0.24 ' 0.245 ' 0.25 ' 0.255 • •
Transfer lubricant characteristics
P.T.F.E. on mild steel
system frequency = 6^6 Hz normal load = 16N 
surface finish III
time (min) 1 min 3 min 6 min
test number 1 2 3 1 2 3 1 2 3
1 0.311 0.331 0.298 0.306 • 0.331 0.328
2 0.243 0.262 0.24 0.247 0.26 0.258
Successive 3 0.182 0.203 0.187 0.194 0.2 0.196
peak
amplitudes 4 0.128 0.149 0.14 0.146 0.145
1
0.141 j
(rad) 5 0.08 0.-101 0.096 0.103 0.1 0.096
6 0.038 0.058 0.056 0.064 0.056 0.051
7 0.018 0.019 0.026 0.016 0.013
8
9
10
D 0.3 0.3 0.35 0.35 0.30 0.30
C (Nm/rad/s) 0.01 0.012 0.008 0.008 0.01 0.011
T (Nm) 0.12 ’ 0.122 ' oiio ' 0.108 * • 0.J21 ‘0.12
Transfer lubricant characteristics
P.T.F.E. on mild steel
system frequency = 10 Hz normal load = 48N 
surface finish I
time (min) \ min 4 min j
test number 1 "1 3 1 2 3 i 2 3 11
1 0.181 0.164 0.168 0.158 ■
2 . 0.123 0.106 0.11 0.102
;
3Successive 0.075 0.058 0.062 0.054
peakamplitudes 4 0.033 0.C17 0.021 0.016 : ;.(rad) 5
6
7
8
9
10
D 0.2 0.2 0.2 0.2
C (Nm/rad/s) 0.21 0.02 0.022 0.021
T (Nm) 0.24 ' 0.23 • 0.25 * 0.23 • •
Transfer lubricant characteristics
P.T.F.E. on mild steel
system frequency =10 Hz normal load = 24N 
surface finish III
Successive
peak
amplitudes
(rad)
C (Nm/rad/s) 
T (Nm)
1 min 71 min
1 2 3 1 2 3 1 2 3
0.141 0.147 0.126 0.129 •
0.111 0.116 0.097 0.101
0.084 0.09 0.072 0.074
0.059 0.065 0.049 0.053
0.038 0.043 0.028 0.032
0.018 0.025 0.01 0.013
.
0.15 0.15 0.15 0.15
0.014 0.015 0.015 0.014
0.165’" 0.17 ’ O'. 16 • 0.17 *
Transfer lubricant characteristics
P.T.F.E. on mild steel
system frequency = 13.7 Hz normal load = 8N 
surface finish I
time (min) J min 6 min
test number 1 2 5 1 2 3 1 2 3
1 0.085 0.075 0.072 0.075 •
' 2 0.079 0.069 0.064 0.066
3Successive 0.073 0.062 0.057 0.059
peak
amplitudes 4 0.067 0.056 0.05 0.052
•
(rad)
5 0.061 0.05 0.043 0.045
6 0.056 0.049 0.037 0.039
7 0.05 0.04 0.03 0.028 f
8 0.045 0.034 0.024 0.022
9 0.04 0.030 0.019 0.017 -
10
D 0.1 0.1 0.15 0.15
C (Nm/rad/s) 0.006 0.007 0.008 0.006
T (Nm) 0.06 ' 0.065' 0/07 * 0.06 • • •
Transfer lubricant characteristics
P.T.F.E. on mild steel
system frequency =13.7 Hz normal load = 52N 
surface finish II
time (min) 
test number
Successive
peakamplitudes
(rad)
2
3
4
5
6
7
8 
9
10
C (Nm/rad/s)
1 min 10 min
1 2 3 1 2 3 I 2 3
0.122 0,112 0.128 0.122 •
0.072 0.064 0.076 0.074
0.033 0.022 0.037 0.035
0.006 0.010 0.008
0.1 0.1 0.1 0.1
0.045 0.047 0.046 0.045
1 6-34 ■' 0.35 • 0.34 * 0.345- •
Transfer lubricant characteristics
graphite on cast iron
system frequency = 13.7 Hz normal load = 20N 
surface finish I
time (min) 1 min 8 min j
test number 1 2 3 1 2 3 1 2 3  \
1 0.116 0.109 0.095 0.098 •
■ 2 0.101 0.095 0.079 0.081 j
Successive 3 0.087 0.082 0.063 0.066
»1
peak
amplitudes 4 0.074 0.069 0.048 0.049 i
(rad)
5 0.061 0,055 0.055 0.038
6 0.049 0.045 0.021 0.024
7 0.039 0.034
8
9
10
D 0.15 0.15 0.2 0.2
C (Nm/rad/s) 0.01 0.012 0.011 0.01
T (Nm) 0.14 ' 0.145' 0/14 • 0.151*| •
Transfer lubricant characteristics
graphite on cast iron
system frequency = 13.7 Hz normal load = 8N 
surface finish II
time (min) 
test number
Successivepeak
amplitudes(rad)
2
3
4
5
6
7
8 
9
10
C (Nm/rad/s) 
T (Nm)
I  min 5 min 9 min ( *
1 2 3 1 2 3 1 2 3
0.151 0.121 0.11 0.118 • 0.102 0.104
0.119 0.108 0.094 0.098 0.089 0.089
0.108 0.099 0.08 0.086 0.076 0.077
0.097 0.087 0.067 0.073 0.065 0.066
0.087 0:077 0.054 0.061 0.054 0.055
0.078 0.069 0.043 0.05 0.044 0.044
0.069 0.059 0.032 0.039 0.035 0.035 - 4
0.062 0.053 1A
1
0.05 0.05 0.1 0.1 0.05 0.05 j
0.012 0.013 0.013 0.013 • 0.012 0.013 1\
0.06 ~ 0.065- 0.058 0.06 • •0.06 • 0.065
Transfer lubricant characteristics
graphite on cast iron
system frequency = 6.6 Hz normal load = 48N 
surface finish I
time (min) 1 min S\ min
test number 1 2 3 1 3 1 2 3
1 0.463 0.481 0.549 0.551 * 0.483 0.488
2 0.282 0.297 0.365 0.348 0.301 0.305
3Successive 0.131 0.149 0.217 0.202 0.151 0.158
peak
amplitudes 4 0.006 0.026 0.091 0.075 0.03 0.036
(rad)
5
6 :J
7
{
8
9
10
D 0.65 0.65 0.65 0.65 0.6 0.6
C (Nm/rad/s) 0.015 0.014 0.015 0.016 0.015 0.016
T (Nm) 0.38 ' 0.37 • 0/37 • 0.37 • •0.375 • 0.385
tI
1

Transfer lubricant characteristics
graphite on cast iron
system frequency = 6.6 Hz normal load = 16N 
surface finish III
time (min) 7 minmm
test number
0.3880.377 0.3650.3870.421
0.3220.314 0.3030.3220.354
0.2590.251 0.2390.2620.292Successive
peak
amplitudes(rad)
0.2040.1850.1960.2060.234
0.1490.1340.1440-.1530.18
0.1010.0840.0950.1040.13
0.0560.047 0.0360.083 0.05
0.0150.039
0,60.60.60.55
C (Nm/rad/s) 0.0060.00640.0060.006
0.133'T (Nm)
Transfer lubricant characteristics
graphite on cast iron
system frequency = 6.6 Hz normal load = 48N 
surface finish II
---------------
time (min) 0 min min 9 min
test number 1 2 3 1 2 3 1 2 3
1 0.431 0.443 0.507 0.499 • 0.489 0.501
2 0.211 0.234 0.279 0.276 0.274 0.277
Successive 3 0.057 0.089 0.12 0.121 0.119 0.118
peakamplitudes 4 0.009 0.011 0.01 0.009(rad)
5 |
6
7
8
i
j
9
10 |
D 0.3 0.25 0.25 0.25 0.25 0.25 j
C (Nm/rad/s) 0.028 0.029 0.028 0.0285 0.029 0.028
T (Nm) 0.36' 0.37 • 0/37 • 0.365- •0.37 •0.37 1
Transfer lubricant characteristics
graphite on cast iron
system frequency = 6.6 Hz normal load = 16N 
surface finish II
time (min) 
test number
Successive
peak
amplitudes(rad)
2
3
4
5
6
7
8 
9
10
D
C (Nm/rad/s)
T (Nm)
I min 6 min 10 min *
1 2 3 1 2 3 1 2 * 1 “ 1
0.411 0.523 0.315 0.32 • 0.41 0.59 »
0.371 0.290 0.281 0.287 0.369 0.348
' 0,333 0.259 0.249 0.254 0.33 0.311
0.29S 0.23 0.221 0.225 0.295 0.276
0.267 0;204 0.20 0.199 0.263 0.244
0.258 0.18 0.172 0.177 0.234 0.215
0.211 0.158 0.148 0.145 0.209 0.188 i
0.186 0.137 0.127 0.125 0.184 0.165
0.164 0.119 0.11 0.107
0.1 0.1 0.1 0.1 0.1 0.1
0.007 0.007 0.007 0.007 0.0068 0.007 *
0.08 ' 0.081 ‘ 0.082 J 0.081* •0.08 - 0.083 |
Transfer lubricant characteristics
graphite on mild steel
system frequency = 13.7 Hz normal load = 32N 
surface finish II
time (min) 1 min 5 min 1
test number 1 2 3 1 2 3 ■ i 2
j
3
1 0.131 0.22 0.141 0.136 •
2 0.058 0.114 0.067 0.063
Successive ^ 0.015 .048 0.024 0.020
peakamplitudes 4 0.009(rad) 5
6
7 1
8 !
9
10
D 0.05 0.05 0.05 0.05
C (Nm/rad/s) 0.09 0.095 0.09 0.09
- T (Nm) '0.2 ' 0.21 • 0.21 • 0.22 * - •
'J'ranster iuDncant characteristics
graphite on mild steel
system frequency = 6.6 Hz normal load = 40N 
surface finish I
time (min) 
test number
Successive
peakamplitudes
(rad)
2
3
4
5
6
7
8 
9
10
D
C (Nm/rad/s)
T (Nm)
1 min 5^  min
T_______— .— -- --------- 1i12 min 1
1 -2 3 1 2 3 1 2 3 j
0.291 0.288 0.328 0.321 * 0.29 0.295 1. _ J
0.181 0.180 0.204 0.2 0.18 0.183
|
0.08 0.079 0.099 0.096 0.078 0.081 !
0.010 0.009 0.012 0.01 0.009 0.012 J1
i|
j
0.4 0.4 0.45 0.45 0.4 0.4
0.015 0.015 0.016 0.155 0.015 0.016
6.24 ' 0. 255 0.245 • 0.265 * • '0.245 0.24 ■

Transfer lubricant characteristics
P.T.F.E. on cast iron
system frequency (Hz) = 10 normal load (N) = 40 
surface finish II
time (min) 1 min
f.
5 min ... .....  ^13 min . j
test number 1 2 3 1 2 3 1 2 3 |
1 0.274 0.211 0.278 0.301 •
2 0.198 0.147 0.194 0.199
Successive 3 0.133 0.092 0.131 0.141
peakamplitudes 4 0.078 0.045 0.072 0.078(rad) 5 0.032 . 0.035 0.039
6
7
8
9 1
10
i
D 0.25 0.25 0.25 0.25 |
C (Nm/rad/s) 0.02 0.021 0.021 0.022 j
T (Nm) 0.29 '0.3 0.294 • 0.2S7'*
i
Transfer lubricant characteristics
P.T.F.E. on cast iron
system frequency = 13.7 Hz normal load = 40N 
surface finish II
time (min) I min 6 min 14 min j
test number 1 2 3 1 2 D 1 2
r i 
3 |
1 0.11 0.122 0.116 0.11 • 0.122
2 0.074 0.095 0.081 0.076 0.096 f
3Successive 0.044 0.061 0.052 0.048 0.059 j
peak
amplitudes 4 0.005 0.010 0.009 0.006 0.010
j,
(rad)
5
6
7
S |
9
10 j
D 0.15
I
0.15 | 0.15 0.15 0.15 |
C (Nm/rad/s) 0.026 10.027 | 0.027 0.026 0.026 . _ . !
I
1
T (Nm) j0.2S ' 0. 285'j 0.28 • 0.28 • 10.285
‘ s 
!• 1
Transfer lubricant cnaractenstics
graphite on cast iron
system frequency 10 Hz normal load = 48N 
surface finish II
time (min) 1 min 4 min 9 min 1
test number 1 2 3 1 2 3 .*1J. 2 3
1 0.211 0.173 0.22 0.226 • 0.211 0.216
2 0.125 0.106 0.128 0.131 0.128 0.131
3Successive 0.057 0.052 0.063 0.065 0.065 0.065
peak
amplitudes 4 0.005 .010 0.009 0.008 0.008 0.008
(rad)
5
6
7
'*
!*t
8
i:
9
10
D 0.2 0.15 0.21 0.2 0.2 0.2
C (Nm/rad/s) 0.03 0.029 0.032 0.031 0.032 0.031 1
T (Nm) 0.36 0.034 ‘ 0.371 • 0.368' '0.3,6 0.365 |
Transfer lubricant characteristics
P.T.F.E. on cast iron
system frequency (Hz) = 6.6 normal load = 24N 
surface finish II
time (min) 
test number
Successive
peak
amplitudes
(rad)
2
3
4
5
6
7
8 
9
10
D
C (Nm/rad/s)
T (Nm)
0 min 5 min 13 min
1 2 5 1 2 3 1 2 3
0.323 0.298 0.302 0.314 0.321 • 0.311 0.32.1
0.244 0.221 0.231 0.233 0.239 0.236 0.251
0.182 0.169 0.173 0.178 0.182 0.173 0.181
0.113 0.102 0.110 0.105 0.111 0.115 0.119 ♦
0.061 0-.054 0.057 0.055 0.060 0.056 0.061
0.4 0.4 0.4 0.4 0.45 0.4 0.4
0.0097 0.0097 0.0095 0.0095 0.087 0.0094 0.0096 J
0.144 ' 0.138' 0.14 • 0.146' 0.152 • 0.146 0.146
Transfer lubricant characteristics
graphite on cast iron
system frequency (Hz) = 10 normal load = 20N 
surface finish II
time (min) 0 min 6 min 1 „  • !12 m m
test number 1 2 3 1 2 3 1 2 3 '
1 0.182 0.191 0.217 0.226 • •
- 2 0.144 0.149 0.173 0.183
Successive 3 0.116 0.122 0.140 0.142
peak
amplitudes 4 0.085 0.091 0.106 0.111(rad) 5 0.059 0.055 0.077 0.08
6 0.025 0.024 0.048 0.049
7 0.023 0.024 ... i
8 j
9
10
D 0.3 0.3 0.25 0.25
C (Nm/rad/s) 0.0114 0.012 0.013 0.012
T (Nm) 0.161' 0.155- 0.159 •'0.161 • • . i
Transier i U D n c a n r  c n a r a c r e r i s n c s
P.T.F.E. on mild steel
system frequency = ‘6.6 Hz normal load = 16N 
surface finish II
time (min) 
test number
Successive
peakamplitudes
(rad)
6
7
8 
9
10
D
C (Nm/rad/s)
T (Nm)
0 min 6 min 15 min .
1 2 3 1 2 3 1 . 2 3
0.357 0.361 0.388 0.464 0.454 • 0.382 0.391
0.274 0.283 0.292 0.341 0.551 0.29 0.299
0.20 0.211 0.213 0.252 0.242 0.221 0.231
0.14 0.143 0.148 0.178 0.172 0.141 0.144 1
0.087 0.084 0.089 0.117 0.102 0.083 0.085
0.037 0.041 0.045 0.065 0.061 0.041 0.045
■ ■ - |
.022 0.23
!
.
0.2 0.2 0.22 0.22 0.25 0.2 0.21
0.0148 0.015 0.016 0.0143 0.014 0.0146 0.141
Ji1
6.117*' 0.122- 0.130 • .119 • 0.121 • 0.127 0.116 1
Transfer lubricant characteristics
Graphite on mild steel
System frequency = 6.6 Hz Normal load = 32N 
Surface finish III
time (min) 0 min 5 min 12 min
test number 1 2 3 1 2 3 1 n 3
1 0.663 0.67 0.682 0.66 • 0.655 0.66
2 0.40 0.42 0.43 0.40 0.377 0.58
3Successive 0.234 0.241 0.24 0.25 0.25 0.261‘
peakamplitudes 4 0.065 0.073 0.71 0.61 0.047 0.053
(rad)
5 ..
6
7
8
9
10
D 0.4 0.4 0.38 0.4 0.4 0.4
C (Nm/rad/s) 0.01 0.011 0.09 0.01 0.098 0.096
T (Nm) 0.28 ' 0.029' 0.28 • 0.272- •C.275 0.28

Transfer lubricant characteristics
P.T.F.E. on cast iron
system frequency (Hz) = 10 normal load (N) = 8 
surface finish II
time (min) I min 6 min 11 min
test number 1 2 3 1 2 3 1 2 3
1 0.182 0.172 0.175 0.177 * 0.185 __ t
2 0.164 0.154 0.155 0.159 0.165
Successive ^ 0.147 0.156 0.138 0.139 0.149
peakamplitudes 4 0.152 0.12 0.118 0.128 0.135
i
(rad)
5 0.117 0.105 0.101 0.111 0.119
6 0.103 0.091 0.09 0.095 0.106
7 0.089 0.077 0.075 0.081 0.091 !!
8 0.077 0.064 0.060 0.069 0.076 !
9 0.052 0.050 . j
10
D 0.15 0.15 0.15 0.15 0.15 i
C (Nm/rad/s) 0.007 0.0075 j0.0072 0.0071 0.0073 i
T (Nm)• 0.06 0.061 j0.06 ■ 0.062- • •0.06
* £ 
I
Transfer lubricant characteristics
P.T.F.E. on mild steel
system frequency = 13.7 Hz normal load = 24N 
surface finish III
time (min) 
test number
Successive
peak
amplitudes(rad)
2
3
4
5
6
7
8 
9
10
D
C (Nm/rad/s)
T (Nm)
1 min
"" ........  i ;4 min 1 !
1 2 3 1 2 3 1 2 3 i
0.114 0.09 0.106 0.11 • . . .j]
0.096 0.075 0.084 0.086
<
0.081 0.061 0.064 0.067 ii
0.066 0.049 0.046 0.049
0.054 0-.039 0.03 0.034
0.045 0.029 0.016 0.019
0.035
i
i
l
0.05 0.05 0.1 0.1
0.02 0.021 0.021 0.022
0.16 ' 0.155’ 0/16 ‘ 0.15 * • |
Transfer lubricant characteristics
P.T.F.E. on cast iron
system frequency (Hz) =6.6 normal load (N) = 8 
surface finish II
time (min) 
test number
Successive
peakamplitudes(rad)
2
3
4
5
6
7
8 
9
10
C (Nm/rad/s)
T (Nm)
\ min 5 min 15 min
1 2 3 1 2 3 1 2 5
0.125 0.178 0.145 9. 128 • 0.126 0.161
0.11 0.154 0.12 9.117 0.113 0.151
0.092 0.139 0.102 9.099 0.091 0.134
0.076 0.115 0.083 9.079 0.075 0.109
0.05S 0.-104 1 0.067 9.062 0.059 0.091
0.044 0.081 0.053 9.048 0.040 0.074
0.032 0.070 0.037 0.037 0.032 0.063
0.02 0.054 0.02S 0.023 0.019 0.047
0.039 0.029
0.2 0.2 0.2 0.2 0.2 0.2
0.0045 0.0047 0.0043 0.0043 0.0044 0.0045
0.036 ' 0.036 • 0.0351' 0.0371 ' •0.0345 0.036

Transfer lubricant characteristics
graphite on. cast iron
system frequency = 13.7 Hz normal load = 36N 
surface finish III
time (min) 10 min4 minm m
test number
0.1220.1190.101 0.1060.130.121
0.0860.076 0.0850.0690.088 0.09
0.0550.0560.039 0.0450.059 0.069Successive
peak
amplitudes
(rad)
0.031 0.0340.024 0.0290.0440.033
0.0110.011 0.010.02
0.150.150.15 0.150.150.15
C (Nm/rad/s) 0.01850.0190.018 0.0180.0180.019
• 0.028•0.280.291-0.29 'T (Nm)

Transfer lubricant characteristics
P.T.F.E. on mild steel
system frequency = 10 Hz normal load = 36^ 
surface finish II
time (min) I min 5 min I
test number 1 2 3 1 2 3 1 2 3
1 0.182 0.165 0.168 0.171 •
2 0.117 0.103 0.115 0.118
Successive 3 0.065 0.051 0.075 0.076
peakamplitudes 4 0.022 0.010 0.039 0.044 :(rad)
5 . 0.012 0.015
6
7
8
' 9
10
D 0.15 0.15 0.1 0.1
C (Nm/rad/s) 0.028 0.029 0.027 0.028 !
T (Nm) '0.22*' 0.235- 0/22 j 0.23 • • • I 1
Transfer lubricant characteristics
graphite on cast iron
system frequency (Hz) = 10 normal load (N) = 36 
surface finish III
time (min) 1 min 5 min
test number 1 2 3 1 2 3 1 2 3
1 0.173 0.180 0.18 0.171 •
2 0.119 0.122 0.124 0.118
3Successive 0.069 0.072 0.074 0.067
peak
amplitudes 4 0.026 0.029 0.029 0.027(rad)
5
6 ,
7
8
9
10
D 0.35 0.35 0.35 0.35
C (Nm/tad/s) 0.014 0.013 0.013 0.0.14
T (Nm) \'00<N1.• o 0.281' 0:281 0.28 • '
Transfer lubricant characteristics
graphite on mild steel
system frequency - 6.6 Hz normal load = ION 
surface finish II
time (min) 
test number
Successive
peak
amplitudes(rad)
2
3
4
5
6
7
8 
9
10
C (Nm/rad/s)
T (Nm)
\ min 3 min 9 min
1 2 3 1X 2 3 1 2 3
0.212 0.231 0.216 0.216 • 0.221 0.212
0.171 0.194 0.175 0.171 0.175 0.169 1
0.132 0.157 0.154 0.132 0.134 0.13
0.096 0.122 0.099 0.099 0.096 0.096
0.062 0:089• 0.064 0.063 0.065 0.062
11
0.029 0.058 0.051 0.031 0.031 0.028
0.029
<
0.5 0.45 0.5 0.5 0.5 0.5
0.005 0.006 0.005 0.005 0.0055 0.005
0.08 ' 0.081' 0/083 * 0.083- ' •0.081 0.081
Transfer lubricant characteristics
Graphite on mild steel
system frequency = 6.6 Hz Normal load = ION 
surface finish III
time (min) 
test number
Successive
peak
amplitudes(rad)
8
9
10
D
C (Nm/rad/s)
T (Nm)
0.5 min 4 min 12 min
1 2 0 1 2 3
■
1 2 3
0.466 0.553 0.481 0.499 • 0.46 0.48
0.370 0.349 0.585 0.381 0.338 0.345
0.52 0.25 0.36 0.34 0.25 0.28 . ______ >
0.244 0.209 0.256 0.251 0.204 0.23
I
0.198 0: 128 0.205 0.20 0.122 0.154
0.122 0.087 0.14 0.13 0.076 0.093 ii
0.069 0.025 0.075 0.71 0.02 0.032 . •
0.017 0.021 0.191
0.65 0.5 0.6 0.55 0.3 0.35
0.0046 0.005 0.0045 0.0052 0.006 0.0059
0.114' .116' 0.12 '0.13 * •0.13 0.112 ii
Transfer lubricant characteristics
P.T.F.E. on mild steel
system frequency = 6.6 Hz normal load = 48N 
surface finish II
■
time (min) 1 min 5 min 12 min
test number 1 2 3 I 2 3 1 2 3
1 0.845 0.79 0.83 0.838 • 0.881 0.841 - ------1
2 0.516 0.48 0.52 0.528 0.541 0.526
3Successive 0.386 0.362 0.36 0.381 0.398 0.371
peakamplitudes 4 0.125 0.107 0.113 0.121 0.131 0.119(rad) 5 0.012 0.008 0.010 0.008 0.141
i
0.011 j
6 j
7 1 ! ! 1
8 .../
9
10
D 0.25 0.5 0.25 0.25 0.23 0.25
C (Nm/rad/s) 0.032 0.030 0.03 0.031 0.029 0.031 -
T (Nm) 0.27 ■'0.299 • 0/25 • 0.253- -0.243 0.272
Trans ter iubracant characteristics
P.T.F.E. on cast iron
system frequency (Hz) =6.6 normal load = 48N 
surface finish II
12 min4 min1 mintime (min)
test number
0.5310.5210.5520.488 0.5410.4910.481
0.3210.3160.524 0.3310.501 0.2910.299
0.1550.1540.152 0.155 0.1590.156 0.162Successive
peakamplitudes
(rad)
0.0260.0230.045 0.0310.046 0.046 0.023
0.450.40.45 0.450.35 0.35
C (Nm/rad/s) 0.020.0210.019 0.02 0.020.018 0.017
0.351•0.3410.314'T (Nm)

iransrer lubricant characteristics
P.T.F.E. on cast iron
system frequency (Hz) = 13.7 normal load (N) = 3 
surface finish II
time (min) 1 min 10 min .
test number
0.121 0.112 0.116 0.121
0.103 0.099 0.101 0.099
0.086 0.081 0.086 0.86Successive
peak
amplitudes
(rad)
0.071 0.069 0.071 0.073
0.057 0.054 0.055 0.055
0.0450.044 0.041 0.045
C (Nm/rad/s) 0.011 0.012 0.01 0.013
T (Nm) 0.110.11
iransrer lubricant characteristics
graphite on mild steel
system frequency = 13.7 Hz normal load = 8N 
surface finish II
time (min) 
test number
1
2
Successive
peakamplitudes
(rad) 4
5
6
7
8 
9
10
C (Nm/rad/s)
\ min 5 min 13 min
1 2 3 1 2 3 1 2 ■ rrd
0.101 0.114 0.095 0.097 0.104 0.108
O.OS 0.102 0.086 0.087 0.095 0.097
0.079 0.09 0.078 0.078 i 0.081 0.083
0.069 0.079 0.07 0.069 0.071 0.073 ■ ■: ... ..
0.060 0,07 0.063 0.062 0.061 0.063
0.051 0.06 0.056 0.054 0.052 0.054
0.043 0.051 0.049 0.048 0.044 0.046 <
0.035 0.042 0.043 0.042 0.033 0.036
0.034
i
0.1 0.1 0.05 0.05 0.1 0.1
0.01 0.095 0.011 0.12 0.011 0.012
| 0.06 ~ 0.065- 0.’054- 0.058- - • 0.06 0.063 j.
Transfer lubricant characteristics
graphite on cast iron
system frequency (Hz) = 10 normal load (N) = 8 
surface finish I
time (min) 1 min 6 min
.. • ..... . ■
test number 1 £ 3 1 2 3 1 . 2 i3
1 0.16 0.154 0.188 0.181 • 1
2 0.141 0.139 0.168 0.162
Successive 3 0.123 0.121 0.149 0.145
peakamplitudes 4 0.106 0.104 0.119 0.118 ....(rad) 5 0.09 0v096 0.102 0.1
6 0.074 0.071 0.086 0.086
7 O'. 06 0.057 0.07 0.068
i
i
8 !
. _ 4
9
10
D 0.25 0.25 0.25 0. 25
C (Nm/rad/s) 0.006 0.006 0.0058 0.0059 [
T (Nm) 0.09 '' .091' 0.091 • 0.089- I
v
APPENDIX III : TRANSFER LUBRICATED STICK SLIP 
- TABLES OF RESULTS
Transfer 1 ubrIcan‘tn resuIt s
9 *
ptfe on cast iron
system frequency = 15,7 Hz normal load = 48N 
surface finish II drive speed = 0,08 rad/s '
Vibn.
test Ts-Tk 9max ’ Amp,
time f number CNm) Oad/s) C2 C2 yj -(rad)
0.0450,450, 133 . 44 0. 19 0.01
0, 182 0. 65 0,18 0,012m m
0,19 0 . 012
2 min 0, 13 0 ,415 0. 195 0, 014
0. 136 0,47 u , 43 5 0.195 0 , 012 -
5 min 0, 119 0,43 0,418 0.21 0.012
£}. 443
0,125 0,375 0.012
0, IIS' 0,49 0.355 0,21 0 . 01
0, 495 0,21 0,0120.119
0.287 lO. 21 0, 010.112
0, 2740,119
0,21 0 . 01.0,108 0,295
65 m i r 0,55 0,282 0,215 0,0120, 104
Transfer lubricant^ results
graphite on cast iron
system frequency = 13,7 Hz normal load = 48N 
surface finish II .drive speed 0*08 rad/s
Vihn«
test Ts-Tk Omax Amp.
time number (Nm) (rad/s£i C2 ifi ■ .(Vad')
0 min
0, 135 0, 54 0. 375 0.07 0, 19
T --
0, 009
0, 167 0, 74 0,342 0.16 0, 012
2 min
0. 135 0,5 0,41 0. 19 0. 012
0. 147 0 56. 0,395 0,2 0 0. 009
-
- i '
4 min
0,119 0.65 0.275 0.22 0, 008-
0. 106 0.59 0,271 0.23 0. 008
6 min
0. 096 0, 65 0. 22 268 0.27 0, 005 1
0, 087 0, 57 0,228 268* 0.3 0, 005
7 min elimi nat ed
V' -
•
•

Transfer lubricant results
graphite on cast iron
system frequency = 10 Hz normal load = 20N 
surface finish I drive speed 0,4 rad/s
Vibiio
test Ts-Tk % a x  * ' Amp.
time # number CNm) Oad/s)
0,11 0,72 0.; 0.15 Q, 87 0,014
0,125 0,0180,54 0177
0, 155 0.0190, 5450,82
0, 0120,180,09
0, 96 0.0110. 194
0,99 0. 0110 , i 8 61, 050, 095
I ,  OS0. 1450, 085
0.0080.990. 1582min 0, 095
1. 04 0. 0080. 1350. 088
eliminated5min

Transfer lubricant results
t •
ptfe on cast iyon ■
system frequency = 6,6 Hz normal load = 4.8N 
surface finish XI, drive speed ~ 0,08 rad/s '
test Ts-Tk % a x  • 
time number (Nm) (rad/s) Ci C 2
Vibn.
Amp.<rad)
I min
0. 142 0.85 0. 52 0, 05 0. 09 0. 041
0, 123 0.83 0.46 0. 1 0. 038
2 min
0,115 0,87 0,41 0.11 0.0 54
0. 132 1, 04 0. 395 0, 097 0. 043
•
5 min
0.121 0,91 0.414 0,1 0, 052'
P k* o -j 0. 84 0. 395 0.12 0, 050
20 min
0,117 0. 94 0.39 0.11 0, 030
0. 08 7' 0. 70' 0,386 0. 15 0. 020
3 3 min
0, 114 0.9 0,395 0.11 0, 028
0, 121 0,9 0,42 0.1 0, 022
-
.

T r a nsfer lubricant results L
* * • •
graph i t e  on steel
system frequency = 13,7 Hz normal load = 48N 
surface finish II drive speed = 0,08 rad/s '
Vibn.
test T-s-Tk Omax • *. Amp.
time t number (Nm) (rad/s) Ci C2 ^ -(rad)
0, 620,16 0, 165 0,0140,050. 620, 155 0,375 0. 17 0 , 012min
0.385 0,185 0.0140, 143 0,57
0,420. 65 0. 146 0.0160,18
2 min 0, 69 0,14 0. 0160,19
0. 135 0.38 0,1960,55
0,585 0. 185 0. 0150, 1437 min
0.0140, 180,57 0,310,12
0, 0140, 1960, 67 0, 3050, 135‘
0,345 0, 152 0, 0180, 750, 174
0,0120.3150. 105
0, 0130. 135 0,34 0, 196
0,0120,310. 550,115

Transfer lubricant results
i
ptfe on steel
system frequency = 6.6 Hz normal load = 4.8N 
surface finish II drive speed = 0,2 rad/s
Vibn.
test T $ -Tk 9max ’■ Amp.
time .number CNm) [rad/s) Cj C2 f  -(rad)
0 min
1 0.115 1.16 0.31. 0.113 .. .0.278 0.03
1
2 0.174 1.62 0.355 0.TS4 0. 045
3
1 min
0,13 1.14 0.35' 0,246 0.026
0.125 1,14 0.34 0.256 0.022 1
-
2 min
0.105 1.13 0.29 0.305 0.014 -
0,095 1.1 0.27 0.357 0.008
0.11 1.2 0.265 0.29 0.012
2 \ min elimina ted |
*
-

T r a n s f e r  lubricant res ults c
I
ptfe on steel
system frequency 6,6 Hz normal load = 48N 
surface finish III drive speed = 0.4 rad/s 1
Vibn.
test 75-Tk Gmax ^ P *
time - number .CNirQ . Trad/s') Ci C z , il> >ra' /
0 min
1 0. 132 1.28 0.3 2 0. 08 0.485 0. 03 6
2 e. ii 1. 12 0,205 0.581 0. 031
3 0. 115 1.14 0.315 0,557 0. 032
I min
0. 125 1, 08 0.36 0.512 0. 029
0,11 1.0 0.345 0,581 0. 027
-
1 min
0. 095 1.2 0,245 0. 674 0.019-
0..105 1. 45 0, 22 0. 64 0.014
0. 098 1.3 0,235 3. 653 0. 012
11 min elim; nat ed
-
-
Transfer lubricant results ;
ptfe on steel
s y s t e m  frequency = 6,6 Hz normal load = 48N 
surface finish II drive speed = 0.08 rad/s '
Vibn.test Ts.^Tk 0max • time number (Nm) (rad/s) Cl
0.13 1.07 0.11 0. 098 0. 036
0. 168 1.12 0.47 0. 075 0. 035m m
0.14 0.89 0.4 9 0.0914 0. 031
1 min 0. 09 0.55 0.515 0.142 0. 022
0.13 0.40 0. 098 0. 024*
3 min 0.135 1.03 0.41 0.095 0.019
0.10 0.98 0,31 0, 128 0,012
5 min 0. II 0. 33 0,116 0. 008
0,780. 075 0,170 0, 008
eliminat ed7 min

T r a n s f e r  lubrican't results
I
ptf e on steel
system frequency 6,6 Hz normal load 48N 
surface finish I drive speed 0,08 rad/s
test
number (Nm) (rad/s£iTs-Tk 0maxtime
0 . 12 0.98 0. 065 0.11 0. 032
0 min 0,17 0.075 0. 036
0.16 1.02 0.49 0. 08 0. 032
2 min 0,14 0.86 0.51 0. 09
0.126 0.385 0.024*
5 min 0 115 0.395 0.11 0 . 02
0.105 0.410 0 . 1 2 0.016
0.11 1,19 0.29 0. 116 0. 009
0.318 min 0.128 0 . 010
0. 08 0.92 0. 16 0. 008
0, 095 0,2812 min 0. 135 0, 008.
14 min gone
Transfer lubricant results
I •
ptfe on steel
system frequency = 13,7 Hz normal load = 36N 
surface finish II drive speed = 0,2 rad/’s
Vibn.test T s-T.Tk0max * Amp.
time number (Nm) (rad/s) C 2 C 2 $ -(rad)
0.142 0. 62 0,38 0. 06 0.46 0 . 012
0 min 0, 173 0.71 0,37 0.38 0. 014
0, 112 0.478 0.355 0.59 0.012
0, 142 0.66 0,324 0, 46 0 . 012
|min 0. 185 0, 53 0.546 0.36 0,016
0, 195 0. 84 0,35 0,34 0.014*
1  ^ min 0.,. 183 0.56 0,34 0,36 0 . 012
0, 174 0,76 0,345 0.38 0 , 012
• 0. 156 0,78 0.3 0.42 0 , 008
2 5 min 0, 136' 0,78 0.26 • 0.485 0 . 008
0, 143 0, 88 0, 245 0. 46 0 , 008
* 0, 105 0. 74 0,21 0, 63 0 . 006
3 1 min 0,117 0,82 0,215 0,5 6 0 . 008
0, 121 0 , 81 0 , 225 0, 54 0 , 006 -
• •
41 min elim: nated1 —  
1, . . .  ..........

Tra n s f e r  lubri can't r e s u l t s
i t .
cast iron with ptfe
system frequency = 10 Hz normal load = 52N 
surface finish II drive speed 0,08 rad/s
test Ts-Tk Bmax 
time number (Nm) |rad/s) C x
Viluio 
Amp. 
•(rad)
1
\  min
0,15 0.81
1
0.38 0, 05 0. 13 0,02
T
0.118 0, 69 0.36 0. 16 0,018
1 min
0. 155 0.785 0. 41 0, 12 0. 022
0. }34 0.76 0. 3S 0, 13 0, 02
-
5 min
0, 145 0.815 0.57 0. 13 0, 02 *
0, 126 0, 774 0.34 0. 14 0, 018
22 min
0,118 0. 99 0,245 0, 145 0, 014
0, 125 0.96 0, 264 • 0,14 0.015
4 8 >mir
0. 094 0,81 0. 24 0,21 0, 014
0, 097 0.8 6 0. 235 0.2 0. 014
-
•
.
1
. I ........ , |
Transfex* lubricant re’s'uSLts l"f  ■ '■ « ■ . !■!.—  . .V ^ ,f •
ptfe on steel ^
system frequency = 1 3 , 7  Hz normal load*= 48N 
surface finish II drive speed = 0,08 rad/s <
Vibn.
test Ts -Tk 0max ' Amp.
time .number. (Nm) (rad/s)c1 C 2 ^ -(rad)
0 min
1 0. 2 2 0,81 0.42
-------
0, 07 0. 135 0. 015
2 0,27 0.83 0.49 M 0. 1 0.017
3 0, 14 0.49 0.43 tl 0, 18 0.1
1 min
1 0.26 0. 94 0,42' 0,1 0,018
2 0. 27 0.96 0,425 0. 1 0,02
3 0. 23 0, 83 0,42 0,11 0,017
2 min
1 0, 195 0,82 0.36 , 142 0,014'
2 0, 205 0. 9 0. 343 . 140 0,014
3 0, 178 0,76 0,34 , 148 0,012
4 min
1 0.14 0. 78 0.27 , 188 0, 0 08
2 0,126' 0, 68 0. 282 .21 0, 01
3 0, 154 0,82 0,-285 , 174 0. 006
A \ >mir e 1 imi nat ed
-
• •
. ... _
T r a n s f e r  lubricant results
g ra ph ite on mild steel
system frequency = 6,6 Hz normal load = 40N 
surface finish II .drive speed = .0,08 rad/s
. Vibn.
time test TS-Tk 6max ' Amp.______ ■ numEer fNml frad/st Ci C2 ifj .(rad)
5 min 1 0,135 1. 14 0.3 7 0, 055
.. . v....
0, 095 0, 0382 0, 172 1. 18 0,4 6 0, 075 0, 042
2 min 0.115 0.86 0.42 0,11 0, 0320, 137 1,12 0.38 0. 094 0, 033
-
5 min
0,126 1, 06 0.37 0,1 0,029*
0.,. 118 1, 04 0.355 0,11 0,027
15 min
0, 157 1,26 0.34 0. 094 0, 028
0. 13.3' I. 16 0,36 0, 096 0, 028
55 tain
0, 088 0.82 0. 33 5 0,15 0, 024
0. 122 1,0 0,375 0, 105 0, 027.
1 -
•
.... •
Transfer lubricant results
i
graphite on cast iron -
system frequency = .6,6 Hz normal load = ^6N
surface finish II drive speed 0 t08 rad/s
Vibn.
Tk Omax-
(rad/s)Ci
test 
number (Nm)time
0, 08 0.42 0. 07 0 . 021
min 0, 074 0.39 0.17 0,018
0. 105 0,91 0 . 12 0, 024
2 min 0. 07 0. 365 0, 18 0, 016
0, 065 0. 68 0. 295 0. 014'0, 195
0. 058 0,63 0, 287 0.275 0,0124 min
0. 073 0,95 0, 24 0 . 012
6 min 0, 054 0. 72 0. 236 0. 23 0.010
“min elimi
Transfer lubricant results im
I
graphite on cast iron r
system frequency = 10 Hz normal load = *48N !
surface finish II drive speed = 0,2 rad/s
Vibn.
test Ts-Tk Omax • \ Amp,
time number. (Nm) frad/s) Ci Cz • *(rad)
0 min
0t 112 0, 68 0, 34 0, 07 0,42 0.016
0, 145 0, 82 0, 365 0. 33 0, 022
I .min
0.115 0. 64 0,37 0,42 0. 016
0, 122 0.71 0,555 0,41 0, 018
0,115 0. 68 0.548 0,42 0, 022 -------
1 min
0.115 1, 08 0.22 CMO 0,010'
0.. 108 1. 07 0, 205 0,46 0, 012
5 min elimi: lat ed
>
- -
• •
Transfer lubricant' resultsr~’r7-----r“'----------     :-—
ptfe on steel
;.system frequency = 13,7 Hz normal load = 48N 
surface finish I drive speed 0,08 rad/s
Vibn.
test Ts-Tk Omax- *. Amp.
time number (Nm) (rad/s)C
0, 28 0. 90 0, 05 0, 094 0,018
0 min 0, 29 1. 05 0.41 0,091 0 , 02
0,21 0, 82 0.3 9 0, 125 0, 018
0, 185 0,7 5 0, 14
1 \  min 0,770. 195 0,385 0, 135
0 , 22 0,82 0,41 0,018*0, 12
3 min 0. 19 0. 67 0,43 0,14 0,013
0, 243 0, 87 0,425 0. 0140 , 11
0, 184 0,290, 96 0,010
4 min 0,175 0,88 0, 305 0 , 0 1 0
0,0080,113 0,71 0, 24
5 min 0. 0070, 83 0, 23 0,210,126
0, 0060,58 0, 245 0.270, 095
6 min gone
Transfer lubricant results
' ' i - —  - .  ^ ”,
ptfe on steel r
system frequency = 13,7 Hz normal load = 24N 
surface finish II drive speed = 0 , 0 8  rad/s
Vibn.
test Ts-Tk Omax ■ Amp.
time , number (Nm) (rad/s) Cj C 2 p {racl)
0, 0140.250, 040.3870, 105
0,0160.560, 153 0.410 min
0.0160. 240,4160.11
0,0120.3870 , 102
0 , 0120,290. 4050.3360, 09
0, 0140, 240 , 11
0 , 012-0. 2950.3850,075
0, 0080,310. 2650. 48Q, 0853 min
0, 0080,520. 270.460, 083
0, 0080. 280. 0724 min
eliminated5 Inin
Transfer lubricant results ”
t . . .
ptfe on steel
system frequency 6,6 Hz normal load = 24N 
surface finish I drive speed = 0.2 rad/s
Vibn.
test Ts-Tk Omax • 
number (rad/s) ctime
0, 145 1,38 0,32 5 0. 220 0, 04.0.030
0. 115 0,315 0, 278m m
0, 18 0, 0420.360. 175
0,3551, 07 0.26 0, 03 60 , 122
0,364 0,278 0, 0320, 115 0,961 min
0,25 0, 026-0, 2450,120 1. 53
2 min 0,266 0 , 0211, 24 0. 285
0, 274 0. 0150, 241.430.11
C, 01 13 min 0. 2840,2251, 430,106
nat edelimman
Transfer lubricant Results
graphite on cast iron
system frequency .= 10 Hz normal load = 20N 
surface finish I drive speed 0,2 rad/s
Vibn.
test Ts^Tk Omax • *. Amp.
•(rad)time number (Nm) (rad/s) Ci
0, 082 0.47 0,56 . 0, 58 0, 014
Jmin 0. 5.1 0.41 0,49 0, 016
0, 074 0,49 0. 65 0 . 012
2 min 0. 069 0,48 0. 294 0,71 0.011
0. 520, 065 0, 26 0.75 0, 008'
4 min 0. 059 0,45 0, 274 0,74 0, 007
eliminated
6 min
Transfer lubricant resuitsi * " ■ 1 1 ■ 1 "■ ■ '■ — ■ '■ ■ x .I
graphite on cast iron r
system frequency 6,6 Hz normal load = 48N 
surface finish II drive speed 0,08 rad/s
VibUc
test Tj-Tk . Gmax • * A?np.
time number (Nm) (jrad/s) Ci C 2 ^ • '.(rad)
\ min
0. 13 0.86 0,4 7. 0. 09 0. 098 0. 038 t
0, 12 0.91 0.41 0, 107 0, 039
2 min
0, 11 0.68 0, 52 0,116 0, 036
0. 125 0. 696 0, 505 0,1 0, 040
-
4 min
0. 105 0.71 0,46 0, 12 0, 0 2 6 -
0-. 094 0,66 0, 445 0, 156 0, 022
6 min
0. 076 0.81 0. 295 0, 17 0, 014
O'. 05.5 0,62 0, 276 0,23 0. 008
8 min elimi lat ed
-
• .
APPENDIX IV
STATEMENT OF ADVANCED STUDIES UNDERTAKEN BY CANDIDATE DURING
PERIOD OF RESEARCH
1. Non-Linear Vibrations, by G R Symmons
Short Course of 8 hours duration at Sheffield Polytechnic 
1971.
2. Selected Lectures from MSc Course in Tribology
at Leeds University March 1971, 15 hours duration
